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ABSTRACT OF DISSERTATION

ENHANCING AGROECOSYSTEM PHOSPHORUS MANAGEMENT: ROOT
PHENOTYPING AND DECOMPOSITION FOR IMPROVED PHOSPHORUS
CYCLING
Plant roots are often overlooked when making nutrient management decisions.
Evaluating differences in P acquisition strategies and cycling resulting from years of
shoot-specific plant breeding will aid in reducing fertilizer inputs, with the ultimate goal
of improving economic sustainability of crop production and preservation of ecosystem
services. To achieve this goal, this research screened a diverse panel of winter wheat
cultivars that included old and modern, dwarfed and wild type varieties for physical and
chemical root phenotypes related to P acquisition. Old cultivars had larger root systems
with more roots that grew two times faster than intermediate/modern cultivars. Wild type
roots contained approximately two times more oxalic acid than semi-dwarfs. To evaluate
how these differences impacted P uptake, cultivars were categorized into four groups
defining their P extraction potential (PEP) based on organic acid content and root system
size and grown in soils with deficient and adequate P. PEP was found to correlate with
both P use efficiency and root P acquisition efficiency. A mesocosm study conducted
over three years revealed differences in the rate of root decomposition under differing
crop rotations and native soil fertility. Overall, this research has identified winter wheat
cultivars that could be useful for producers as a cover crop that would acquire P
efficiently and release this P for the following crop during decomposition.
KEYWORDS: root phenotyping, root system architecture, nutrient acquisition,
phosphorus, mesocosm, rhizosphere
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CHAPTER 1: STUDY JUSTIFICATION
Inorganic fertilizers are applied in agroecosystems to meet plant macronutrient needs,
including phosphorus. Plants without an adequate supply of P exhibit diminished growth,
delayed maturity, and/or reduced yield. This is because P is an essential component of
cell membrane phospholipids, DNA and RNA, and adenosine triphosphate needed in
photosynthesis for energy transfer. Agricultural fertilizer applications began in Europe
during the mid to late 1800s (Isherwood 2000), and fertilizers were used globally with
increased frequency after World War II (Figure 1.1). While developed nations used
fertilizers for agricultural row crops, developing nations used fertilizers principally for
high-price plantation crops, including coffee and rubber, due to cost. The introduction of
high-yielding, fertilizer-responsive semi-dwarf grains, however, increased fertilizer use in
developing nations. Studies suggest that fertilizers contribute between 40-50% of yield
(Isherwood 2000). It is not logical to assume we could continue to feed a growing global
population without continued use of fertilizers.
However, new strategies must be adopted for continued crop production with reduced
inputs, especially P. Unlike nitrogen fertilizers which are synthesized through the HaberBosch process and potassium fertilizers that are manufactured from a variety of
potassium-bearing ores, P fertilizers are principally derived from rock phosphate (Cordell
et al. 2009). An estimated 90% of all mined rock phosphate is used in food production
with fertilizers accounting for 82% of all extracted ore (Cordell and White 2014).
Further, rock phosphate is principally controlled by Morocco which contains 74% of all
known remaining reserves (Cordell and White 2014). Given high global demands and
majority control of reserves by one country, the future of P fertilizer is volatile. Rock
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phosphate price (Figure 1.2) can fluctuate greatly due to demand and costs of extraction
(Cordell and White 2014). There are a variety of projections of global peak P use (Figure
1.3), but Isherwood (2000) projects that remaining reserves will remain economical for
200 years.
Further compounding the use of P fertilizer is uneven geographic distribution of soil
P (Figure 1.4). Some regions, such as the Great Plains of the United States, have
excessive soil P whereas other regions have deficient soil P, the Middle East and subSaharan Africa as examples. Despite sufficient soil P throughout the majority of its
agricultural regions, the United States continues to use inorganic P fertilizers for crop
production — 3.9 billion kilograms in 2011 (United States Environmental Protection
Agency 2012). Organic P is an ill-accounted source of P for meeting plant needs. While
concentrations of organic P vary with soil type, organic P contributes 20-80% of total P
in soils. Targeting of this pool is a promising way to meet current yields while
minimizing inorganic P applications. The primary goal of this project was to uncover
differences in mechanisms involved in acquiring P and to develop management practices
to maximize P utilization. This goal was achieved by addressing four primary objectives:
1) Evaluate the ability of physical and chemical root-traits to be identified,
quantified, and incorporated into breeding programs for future development of
high P extraction potential germplasm (Chapter 2).
2) Screen a diverse panel of historic and modern winter wheat cultivars to identify
organic acid production (Chapter 3) and root system architecture (Chapter 4)
responses to P-deficiency.
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3) Verify the performance of winter wheat cultivars identified as having a high and
low phosphorus extraction potential and identify soil biogeochemical factors that
correspond with P uptake (Chapter 5).
4) Determine the impact of crop rotation on root growth and decomposition under
differing pedogenic soil P regimes using mesocosms (Chapter 6).
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Figure 1.1. Historic use of various P-containing materials in agriculture (Cordell and
White 2014).
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Figure 1.2. Fluctuation in rock phosphate price between 2006 and 2013 (Cordell and
White 2014).
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Figure 1.3. Estimates for peak P production according to Mohr & Evans (2013), Cordell
et al. (2009), Cordell and White (2011), Global Phosphorus Research Initiative (2010),
Cordell et al. (2011), Walan (2013), Fixen (2009), and Van Kauwenbergh (2010). Figure
from Cordell and White (2014).
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Figure 1.4. Global distribution of P (Cordell and White 2014). Soils with P-deficiency are
shown in varying shades of blue, and soils with P-surplus are shown in shades of red.
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CHAPTER 2: TRAIT-BASED ROOT PHENOTYPING AS A NECESSARY TOOL FOR CROP
SELECTION AND IMPROVEMENT
This chapter was published as: McGrail, R.K.; Van Sanford, D.A.; McNear, D.H., Jr.
Trait-Based Root Phenotyping as a Necessary Tool for Crop Selection and Improvement.
Agronomy 2020, 10, 1328. https://doi.org/10.3390/agronomy10091328
2.1 The Need for Root Breeding
The global population is projected to reach nine billion people by 2050 and eleven
billion people by 2100 (United Nations 2017). Food production must increase in
conjunction with the population. This scenario is similar to the population boom
following World War II that ushered in the Green Revolution. In the mid-twentieth
century, the worldwide population growth, especially in developing countries, did not
keep pace with food production. Yield increases in grain crops, the staple of many diets
in developing countries, were limited by poor growth responses to fertilizer (Lynch
2007). Grain crops frequently lodged in response to fertilizer additions and could not be
harvested. The development of semi-dwarf varieties of wheat and rice, which exhibited
decreased lodging in response to nitrogen fertilizer, greatly increased grain yield. Semidwarf varieties of wheat directly resulted in a 208% increase in yield in developing
countries between 1960 and 2000 (Pingali 2012). This advancement in breeding
supported growing worldwide populations while also ensuring developing countries
could produce enough food.
Such a remarkable increase in grain crop yield necessary for the next revolution in
crop production will not arise from fertilizer addition alone. Opportunities to improve
crop yields are greatest in developing countries because of large yields gaps (Lynch
2007). Fertilizer prices are volatile and can increase in response to increasing fuel prices,
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making them economically unattainable for many producers (Lynch 2007). Further,
mineral-based fertilizers, such as phosphorus, are finite; Isherwood (2000) projected that
reserves of phosphate would be depleted within 80 to 100 years, assuming current
consumption rates, failure to locate new reserves, and current economic feasibility for
extraction. Decreasing reserves of mineral fertilizers impose significant economic
burdens on developing nations. Further, fertilizer use efficiencies for macronutrients are
low. Efficiencies of added nitrogen, phosphorus, and potassium are ≤50%, ≤10%, and
20–40%, respectively (Baligar and Bennett 1986). Yield gaps can be decreased
worldwide through wise use of fertility inputs, the adaption of management practices,
which conserve or enhance fertility, and adaptation of germplasm for low-fertility soils
and for low input conditions (Lynch 2007).
Understanding the extent to which selection for aboveground traits has influenced
root systems in conjunction with input-intensive systems will be important for future
improvement of plants for low fertility soils and low input practices (Topp et al. 2016).
Crop breeders have considered nutrient use efficiency (NUE) as an improvement
strategy. NUE is broadly defined as the ratio of produced outputs relative to nutrient
inputs (Sarkar and Baishya 2017). NUE can be further broken down into specific
efficiencies based on the measured outputs and inputs: partial factor productivity, partial
nutrient balance, agronomic efficiency, apparent nutrient recovery efficiency, internal
utilization efficiency, and physiological efficiency (Sarkar and Baishya 2017). NUE,
however, is a complex quantitative trait that can be difficult to incorporate into breeding
programs due to high environmental variation in field plots. Nutrient acquisition
efficiency (NAE), referring to the physical placement of the roots where the target
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resource (e.g., P, H2O) is located in the soil profile, is a promising breeding target for
four primary reasons, as proposed by Lynch (2007): (1) shoot traits, which affect NUE,
can be confounded with other targeted traits; (2) NUE has been indirectly selected
through breeding for yield potential; (3) root traits related to NAE may have been
subjected to neutral or negative selection unknowingly as a result of breeding in highinput conditions to reduce environmental variation; (4) root traits related to NAE have
not been used as a selection criterion in plant breeding because of difficulties in
developing screening methods.
With respect to the confounding of NUE-related traits, the connection between
shoot/leaf traits and root traits is poorly understood and oversimplified (Ryser and Eek
2000). This lack of understanding is a result of little data on the correlations between
aboveground and belowground traits (Bardgett 2017). Studies attempting to correlate
aboveground and belowground metrics often reach differing conclusions, likely due to
the traits studied. Studies that correlate root and leaf nutrient concentration consistently
reach similar results (Craine and Lee 2003; Craine et al. 2005; Kerkhoff et al. 2006),
which is logical since roots are directly responsible for the uptake of nutrients that are
then partitioned to leaves. Confusion arises, however, when studies attempt to correlate
other traits, particularly leaf area or nutrient content, with root length. Root length is
widely accepted as a measure of a plant’s ability to acquire belowground nutrients (Ryser
1998); it is, therefore, logical to correlate root length with aboveground traits. However,
roots are nimble in their response to soil resources and will adjust their growth in
response to resource heterogeneity and/or concentration. For example, Ryser and
Lambers (1995) found that grasses responded to decreased nitrogen and phosphorus
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stress by decreasing root length and increasing the root area. Additionally, plants under
nutrient stresses may reduce leaf thickness in order to increase leaf area (Ryser and
Lambers 1995). Utilizing observations of increased leaf area as a proxy for decreased
root length in response to nutrient stress does not hold for all plants under nutrient stress
and even for plants that are without stress. Plants not under nutrient stress may have
increased leaf area and a longer root system. Variation in both leaf area and root length
are functions of biomass allocation to the receiving organ, the thickness of the organ, and
the volume of the tissue-mass density of the plant (Ryser and Lambers 1995). Therefore,
care must be taken when correlating root-specific and leaf-specific traits.
The relationship between root traits and shoot/leaf traits is further confounded by
breeding. NUE has been indirectly selected through breeding for yield potential because
of the environment in which selection most often occurs. Root traits related to NAE may
have been subjected to neutral or negative selection unknowingly as a result of breeding
under these high-input conditions. Breeding programs typically produce crosses under
fertilized and irrigated conditions in order to reduce environmental variation and promote
the greatest expression of genotypic variation possible for further selection. Continued
crosses and propagation of lines under these conditions may have inadvertently resulted
in changes to root traits by unknowingly selecting plants with decreased ability to prime
for nutrients not supplied as fertilizer. Variety trials designed to evaluate yield response,
lodging, and other shoot traits under high fertility may mask poor root performance. For
example, Gaines and Nugaines, two of the first varieties of semi-dwarf wheat, produced
poorly when adopted outside of the high rainfall of Washington State, where they were
developed and outside of irrigated conditions in which they were tested (Lupton et al.
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1974). This was an early indication that root system architecture (RSA) may have been
unintentionally and negatively impacted when breeding for shoot-specific traits.
Numerous studies on semi-dwarf and non-dwarf wheat have identified changes in rooting
depth. With the exception of a 1968 study, all studies have concluded that non-dwarfed
wheat has greater root length (Cholick et al. 1977; Holbrook 1973; Lupton et al. 1974;
Wojciechowski et al. 2009). The results of the conflicting study in which a tall variety of
wheat produced a shallower root system than a semi-dwarf and full dwarf variety
(Subbiah et al. 1968) are likely the result of phenotypic variation induced by
environmental conditions. For many of these early studies, roots are often considered a C
sink and only function to reduce assimilates partitioned to grain or aboveground biomass.
As such, the goal in breeding is to minimize the C allocation to the roots to maximize
yield, an effort with unknown consequences below ground.
While aboveground and belowground biomass is considered to be approximately
equivalent, except in poor nutrient or climatic conditions (Qi et al. 2019), breeding for
decreased stature has corresponded with changes to root system architecture. Root cell
expansion in Arabidopsis thaliana is regulated by the DELLA gene (Ubeda-Tomás et al.
2008), which is an ortholog of the dwarfing genes used to reduce stem height in wheat
and other cereals (Wojciechowski et al. 2009). Additionally, genomic analysis has
identified several chromosomal hotspots for seminal root angle selection near
chromosomal regions for dwarfing (Richard et al. 2018b). Seminal roots are extremely
important in wheat. Seminal roots are functionally active for the entire life of the wheat
plant (Sanguineti et al. 2007). While seminal roots can grow deeper than nodal roots,
nodal roots fail to develop in some cases, such as drought, and seminal roots support the
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plant through physiological maturity (Sanguineti et al. 2007). The seminal root angle has
been correlated to root system growth and function (Richard et al. 2018a). Changes to the
seminal root angle due to dwarfing may have impacted root function. Other quantitative
trait loci (QTL) for several root architectural traits—seminal root number, seminal root
length, total root length, maximum width, maximum depth, and emergence angle—have
been identified on the same chromosomes as the seminal root angle QTL identified by
Richard et al. (2018a) (Xie et al. 2017).
Additional studies focused on root traits related to NAE, such as root angle and
branching, juxtapose well with studies on rooting depth. Significant differences have
been observed in root biomass among old and modern varieties of wheat; old varieties
can have up to three times greater biomass than semi-dwarf cultivars (Mac Key et al.
1980). Evaluation of Turkish modern cultivars and landraces has found significantly
greater total root biomass, shallower root weight, and a greater mass of roots deeper in
the soil profile (Bektas et al. 2016). The finding of greater root biomass in landraces
compared to modern varieties of wheat is consistent with the findings of Siddique et al.
(1990) and Waines and Ehdaie (2007), who found that root biomass and size of the
International Maize and Wheat Improvement Center (CIMMYT)-derived bread wheats
were significantly smaller than drought-tolerant landraces for every variety analyzed.
Further, shallower crown angles have been identified in modern varieties of wheat
compared to wild emmer and varieties released prior to the introduction of dwarfism
(Roucou et al. 2018). Shallow crown root angles and smaller root diameters are indicative
of a predominately horizontal root system consisting of fine roots, which would be highly
advantageous in production systems in which fertilizers are applied or in no-till systems.
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There are, however, several drawbacks to plants having predominately horizontal root
systems. Horizontal root systems would decrease terminal drought tolerance as the
surface layers of the soil dry more quickly and place the plant at greater risk of damage
with rapid changes in soil temperature at the surface. Many ideotypes can contribute to
better nutrient acquisition in cereal crops. Lynch (2013) proposed six root ideotypes
advantageous for water and nitrogen uptake in maize, but many of the proposed ideotypes
are relevant to other cereal crops and other resources. For example, a root system
composed of an intermediate number of seminal roots with steep growth angles, large
diameter, and few laterals with increasing lateral branching density would provide a
balance between exploration of the surface soil and deeper soil layers.
Finally, root traits related to NAE have not been used as selection criteria in plant
breeding because of difficulties in developing screening methods. Screening methods for
NAE of roots have been discussed in greater detail later in this chapter. Root traits related
to NAE are an untapped source of phenotypic variation that can be introduced into
breeding lines. Increased yield has been the primary breeding objective in grain crops.
However, yield is a highly complex trait with numerous genetic controls and is
characterized by low heritability and high genotype by environment interaction (Jackson
et al. 1996). Current efforts to increase yield are primarily focused on evaluating the
response of shoot-specific traits to increasing radiation use efficiency, increasing
photosynthetic capacity, and optimization of assimilate partitioning to the grain (Richards
2000). Principal traits of focus in wheat include selection for long coleoptiles, broad
seedling leaves, embryo size, specific leaf area, large coleoptile tillers, fast emergence,
fast leaf expansion rate, large grain, low-temperature tolerance, crown depth, and leaf
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area ratio (Richards 2000). Under these targets, only the depth of the crown roots is
considered important, which does not provide information on the functionality of the root
system. The role of RSA and its function in acquiring resources to support increased
shoot growth are not considered when setting breeding targets. Several studies on root
traits suggest that they are more heritable than yield and are suitable for incorporation
into breeding programs (Christopher et al. 2013; Kumar et al. 2012; Mace et al. 2012;
Singh et al. 2011; Uga et al. 2011).
Traits with high heritability values can be improved more rapidly and with less
intensive evaluation than those with lower heritability (Nyquist and Baker 1991).
Heritability estimates of root traits vary based on the methodology used. While lab-based
estimates of heritability may be artificially inflated due to greater experimental control of
conditions in the lab compared to the field, estimates from the literature generally support
the potential for breeding for root-specific traits. Seminal root angle, the angle between
the roots emerging directly from the embryo, has been correlated with the depth of
rooting in wheat (Christopher et al. 2013), sorghum (Mace et al. 2012), maize (Omori and
Mano 2007), and rice (Uga et al. 2011). Several QTLs that could be used to target that
trait have been identified in these crops and appear to be homologous. Seminal root angle
is highly heritable in spring wheat, with values ranging from 0.52 to 0.65 depending on
the methodology (Richard et al. 2015). While seminal root angle is predominately applied
in breeding programs focused on improving drought tolerance, root angle is also
important in agricultural systems in which fertilizer is banded, or nutrients are not readily
mobile, such as phosphorus. Genetic and error variance were the predominant sources of
variance in the Richard et al. (2015) study, which further supports the ability to utilize
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targeted breeding of root traits. High heritabilities of root traits have been found in other
grain crops. Primary root length, diameter, surface area, and volume; crown root length;
seminal root length and number; lateral root length and number; and dry weight are
highly heritable in maize with heritabilities greater than 0.60 for all traits and all time
points assessed (Kumar et al. 2012). This study has additionally classified the maize
accessions as high performing and low performing based on the measured root traits for
further work, such as marker determination. While heritabilities of these traits are
promising for crop breeding, it is important to note that these lab-determined heritabilities
will likely not hold true in the field. Both aboveground and belowground traits exhibit
decreased heritability under stressed conditions (Mathew et al. 2018). Environmental
variability will also influence the heritability of traits in the field. However, the overall
high heritabilities of root traits in many species suggest that root traits are a good target
for crop improvement (Ekanayake et al. 1985; Gahoonia and Nielsen 2004b; Rajkumar et
al. 2013; Shi et al. 2013).
Root systems provide numerous ecosystem services that will become more critical
with increasing global population and a changing global climate. Soils contain three
times as much carbon as vegetation and twice as much carbon as the atmosphere (Kumar
et al. 2006). Soil carbon is derived largely from either the decomposition of plant
residues, including roots, or through root exudation. Soil carbon directly contributes to
water holding capacity, aeration, bulk density, nutrient holding capacity, and soil
stability. Therefore, better root systems promote carbon sequestration and improve soil
tilth for continued crop productivity. An often-overlooked input of plant roots is their
contribution to the nutrient content of soil and the nutrient needs of the preceding crop,
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particularly when in no-till management. A better understanding of the physical and
chemical properties of different crop roots would make possible the inclusion of roots in
nutrient calculations and improve model predictions of the contribution of roots to soil C
stocks. Further, root systems could be utilized to translocate mobile nutrients, such as
nitrate, that have leached deeply into the soil profile back toward the soil surface, thereby
reducing groundwater pollution. Lastly, root systems are essential in water storage and
movement throughout the soil. Water infiltration is greater in soils with high soil carbon.
During heavy precipitation events, such soils would more adequately intercept and store
water, decreasing overland flow, which contributes to flooding. Greater water holding
capacity would provide more water for crops. Root breeding for both physical and
chemical traits is essential for increasing yield and improved agroecosystem function.

2.2 Current Efforts for Root Breeding
2.2.1. Field-Based Phenotyping for Root System Architecture
Observation and direct measurement of RSA in situ are difficult, and root traits
related to NAE have not been used in plant breeding as a result. Yet increased interest in
the genetic potential of roots has resulted in the development of several methodologies
for evaluating RSA. Root systems are complex as they are three-dimensional systems,
which can be characterized by individual traits, such as root type, number, diameter,
length, and degree of branching, among others, or by composite traits, such as network
perimeter, network volume, or business (Slota et al. 2016). The phenotyping method
chosen will determine the number and resolution at which variables can be measured.
There are two approaches to assessing RSA: field-based or lab-based phenotyping.
Each offers benefits and has disadvantages for root breeding. The field-based
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methodology can be utilized alongside breeding field trials so that both aboveground and
belowground traits can be assessed together under field conditions. This would allow
changes in RSA to be correlated with aboveground selection. In-field phenotyping often
prevents the direct viewing of the entire root system and is generally a one-time
measurement of the root system, with the exception of mini-rhizotrons (Figure 2.1).
One of the earliest field-based phenotyping methods was the construction of trench
profiles in which the root system is excavated layer by layer horizontally (Figure 2.1B).
Trench profiling was pioneered by Dr. John Weaver in prairie and crop systems 100
years ago (Weaver 1919). Using the trench method, the root system is characterized and
measured manually in two-dimensions at a single time point, usually at or before harvest.
Weaver painstakingly illustrated each root system profiled in beautiful detail while also
collecting physical measurements. Trenching provides an accurate measure of the extent
(width, depth, etc.) of the root system in its natural setting from which other metrics (e.g.,
biomass) could be inferred. While trenching could be carried out after harvest, doing so
would result in an underestimate of root number and biomass due to the turnover of fine
roots at physiological maturity and the onset of reproduction. While trenching is probably
the most comprehensive method, it requires a great deal of time and effort to excavate
and measure. As such, trenching would be nearly impossible to incorporate into breeding
field plots. Breeding field plots are harvested to measure yield and select for other
agronomic shoot traits of importance. Trenching would prevent machine-harvesting or
would require trenches to be filled before harvest, further increasing the amount of time
associated with this method.
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Shovelomics has gained popularity as a rapid field-based root phenotyping tool
(Figure 2.1E). Shovelomics is the standardized excavation of plant root crowns to a depth
of ~25 cm (plant-dependent), followed by careful washing and then the determination of
root angle, lateral root numbers using a phenotyping board in the field (Trachsel et al.
2011), and/or more detailed parameters using software, such as DIRT (Das et al. 2015),
RootReader (Clark et al. 2011), WinRhizo (Bauhus and Messier 1999), or GiA Roots
(Galkovsky et al. 2012), in the laboratory. Shovelomics has been used for a number of
crops, including wheat (York et al. 2018), maize (Trachsel et al. 2011), and common
bean (Burridge et al. 2016), to select for plants with shallow root phenotypes for
interception of nutrients (e.g., P) in the topsoil or for plants with steep root angles for the
interception of water and other resources deeper in the profile. This method has been
used in breeding field plots without impacting the collection of shoot agronomic traits.
However, measurements are destructive and can be highly variable, requiring significant
sample replication (Araus and Cairns 2014). Despite these shortcomings, shovelomics
remains a good alternative to more labor-intensive (trenching) or less resolved (coring)
methods of field-based phenotyping.
Cores, unlike trenches and shovelomics, rely on roots washed from sections of a 2–3inch diameter by 1–2 m deep soil core to estimate root distribution in the soil profile.
While many cores can be rapidly collected from a field site, there are some significant
limitations to how this data is interpreted. Because the cores only provide a twodimensional vs. a three-dimensional representation of the roots, cores can miss portions
of the root system and underestimate both its depth and breadth. Further, it is difficult to
determine root ontogeny and architecture because the sample has been isolated from the
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plant. Cores may also contain small pieces of root branches without the main root or may
contain pieces of neighboring plant roots. Missing root pieces or inclusion of extraneous
pieces could result in a misrepresentation of the root system as, for example, root
branching has been identified as the causal factor for root trait variation among grass
species (Picon-Cochard et al. 2012). The growth stages at which the cores are collected
could also influence the measurements. Sampling late in the growing season would
underestimate the root number and biomass because of fine root turnover at physiological
maturity and the onset of reproduction. This could be overcome by taking multiple cores
throughout the growing season, but care would have to be taken to prevent cores from
altering plant growth. Trenching has been paired recently with periodic coring (Chen et
al. 2017). Using this method, cores would be taken throughout the growing season to
estimate root number and biomass at each depth interval, a trench dug at harvest to
evaluate the full extent of the root system, and then digital reconstruction of roots can be
made and used in modeling. Lastly, soil chemical and physical heterogeneity must be
considered in all field-based root phenotyping methods as the interactions between the
root and the surrounding soil can contribute significantly to measurement error. The
collection and washing of cores and other partial-view methods prevent viewing of the
soil structure and its possible influences on the root system. For example, root avoidance
of compacted layers, rocks, or poorly drained/aerated zones would be missed.
There are several non-destructive methods that have been explored for imaging root
distribution and architecture without the time and resources necessary for excavation.
Ground-penetrating radar has been explored for infield imaging, but resolution
limitations currently restrict its use to trees and woody plants with thicker roots (Araus
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and Cairns 2014). Minirhizotrons have been utilized in numerous field studies of RSA.
Minirhizotrons require the insertion of viewing tubes into the soil before planting or as
early as possible after planting of annual crop plants. Inserting the tubes early enough
prevents damage to the existing root system and allows the soil to settle and roots to grow
around the viewing tube (Johnson et al. 2001). Minirhizotrons are generally inserted at a
45° angle to encourage root contact while minimizing preferential root growth along the
viewing tube, or poor root contact as might result in the vertical placement of tubes
(Bragg et al. 1983). Specialized scanners or cameras are then lowered into the
minirhizotron viewing tube, which permits almost a full 360° view of the roots in contact
with the viewing tube. Minirhizotrons offer the best assessment of roots in-situ while also
allowing for equipment operation and for the harvesting of breeding trial plots.
Minirhizotron viewing tubes can be of any length necessary, requiring that multiple
images be collected from the same tube. Images collected will also provide information
about the surrounding soil, such as the formation of redoximorphic features, avoidance of
a soil region (e.g., hardpan or fragipan), or association with symbiotic organisms (e.g.,
mycorrhizae), which may be used to guide sampling and further study. However,
collected images are not a complete rendering of the root system; images are a twodimensional representation of a portion of the root system in contact with the tube from
which estimates can be made of the extent of the remaining root system.

2.2.2 Lab and Greenhouse-Based Phenotyping for Root System Architecture
Lab and greenhouse-based phenotyping techniques have been developed to reduce
variability resulting from climate and the heterogeneous nature of the soil in the field.
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One benefit of lab or greenhouse-based phenotyping is the in-situ characterization of
roots without destructive sampling. Roots can be imaged over an entire growing season
without negatively impacting plant growth, which is generally more labor-intensive and
time consuming compared to single-point field measurements. The method selected to do
so is generally restricted only by container size (Araus and Cairns 2014). Electrical
capacitance (Aulen and Shipley 2012; Ellis et al. 2012), electrical resistance tomography
(Amato et al. 2008; Srayeddin and Doussan 2009), magnetic resonance imaging
(Pflugfelder et al. 2017; van Dusschoten et al. 2016), positron emission tomography
(Garbout et al. 2012; Jahnke et al. 2009), X-ray computed tomography (Mooney et al.
2012; Paya et al. 2015), and minirhizotrons have been used to image soil-grown plants in
laboratories and greenhouses.
Similar to field-based methods, the method selected can provide either twodimensional or three-dimensional information. Electrical capacitance (EC), electrical
resistance tomography (ERT), and minirhizotrons (discussed in detail previously) provide
two-dimensional information. EC actively polarizes the root epidermal membranes
through an external energy source and measures the resulting dielectric properties to
reconstruct the root system (Dalton 1995). Unlike other methods in which water content
hinders the ability to detect roots, EC requires the soil to be saturated. Roots must be in
contact with soil solution to be measured (Aulen and Shipley 2012). Poor root contact
with soil solution will result in the underestimation of the root surface area. As it is nondestructive, this method can be used to measure RSA multiple times throughout a
growing season. However, the same EC model cannot be used for all plants (Aulen and
Shipley 2012). The influence of surrounding plants, root density, and physiological
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maturity on EC measurement is not well understood. ERT relies on the opposing theory
to EC. Rather than measuring the capacitance under an induced electrical current, ERT
measures resistivity to map soil water profiles (Atkinson et al. 2019). Measurements can
be converted into a three-dimensional model if the measurements are of high enough
resolution (Pinheiro et al. 1998). To date, ERT has been used primarily for plants with
large diameter roots, such as trees, to estimate root biomass (Amato et al. 2008; Paglis
2013; Rossi et al. 2011). It has been applied to maize and sorghum to assess water
dynamics (Srayeddin and Doussan 2009). Estimates of other root properties, such as
diameter, would be difficult to extract from measurements taken using this technique.
Magnetic resonance imaging (MRI), positron emission tomography (PET), and X-ray
computed tomography (X-ray CT) provide three-dimensional information. MRI relies on
a strong magnetic field and radiofrequency fields to align protons (H+) in tissues
(Metzner et al. 2015). Manipulation of parameters allows water contained in plant tissues
and in the soil matrix to be distinguished (Jahnke et al. 2009). High water content may
prevent the imaging of fine roots and root hairs (Zappala et al. 2013). However, the
reduction in resolution due to water content is dependent on soil type. Pflugfelder et al.
(2017) were able to image barley roots as small as 300 µm in five soil types at water
holding capacities of 50–80%. Although high-quality images require a low background
concentration of ferromagnetic materials (Metzner et al. 2015), this technique would not
be well suited for soils highly enriched in iron, cobalt, or nickel. MRI has been used to
image RSA in a variety of crops, including maize and barley by van Dusschoten et al.
(2016) and sugar beet by Metnzer et al. (2014).
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PET constructs a three-dimensional image by detecting the distribution of gamma
rays from radioactive tracers with short half-lives (Atkinson et al. 2019). A carbon tracer
(14C) is often used because it is assumed to partition and to behave similarly to 12C and
13

C in metabolic processes (Garbout et al. 2012). Despite high sensitivity for the tracers

currently used, the resolution is constrained to approximately 1.4 mm, which would limit
the detection of many roots (Jahnke et al. 2009). PET is often coupled with other
tomographic techniques, such as MRI and X-ray CT, to improve detection. PET coupled
with X-ray CT has been used to image fodder radish RSA in sand (Garbout et al. 2012).
Fodder radish, sugar beets, and maize RSA have been imaged with PET-MRI (Jahnke et
al. 2009).
X-ray CT utilizes differential attenuation of X-rays to create a cross-sectional, threedimensional image of root systems (Atkinson et al. 2019). The reconstruction relies on
the principle that the source X-ray will be returned from differing components, such as
roots and soil minerals, at differing intensities. High water content may reduce the
accurate imaging of fine roots and root hairs (Zappala et al. 2013). The ability of X-ray
CT to image roots was demonstrated over 30 years ago (Hainsworth and Aylmore 1983).
Improvements in scan time, resolution, reconstruction, and software have greatly
improved this technique for use with soil-grown plants (Mooney et al. 2012). X-ray CT
resolution has improved to the point that interacting winter wheat root systems can be
teased apart with imaging (Mairhofer et al. 2015). The major limitations to X-ray CT are
container size and access to an instrument. In applications in which medical X-ray CT
scanners are used, containers may have to be placed horizontally for large plants to be
imaged. Access can also be difficult due either to high instrument costs and demand or
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access around patient care if using the instrument at a local medical facility. Non-medical
X-ray CT scanners do offer the possibility for vertical sample placement (Atkinson et al.
2019).
Many lab-based phenotyping methods utilize solution (Atkinson et al. 2015; Richard
et al. 2015) or agar (Clark et al. 2011; Fang et al. 2013; Iyer-Pascuzzi et al. 2013) instead
of soil. Solution or agar-based methods allow for root systems to be easily measured at
varying developmental stages to assess growth over time. There are many variants of
solution-based root phenotyping systems ranging from simply suspending the plants in a
nutrient solution in a beaker to more advanced hydroponic or aeroponic systems. Growth
pouches can be advantageous as solution can be refreshed or changed, and there are
existing procedures and systems for solution-based growth. However, data collected from
these systems lack perspective, as roots do not have a spatial arrangement similar to soil.
Agar-based phenotyping systems, such as the one constructed by Iyer-Pascuzzi et al.
(2013), allow for the collection of a full three-dimensional image of the root system
throughout development. Plants are grown in clear glass or plastic cylinders filled with
agar, which allows for imaging roots in-situ using a rotary turntable to collect images
through a full 360° of rotation. Images can be collected as long as the plant remains
viable and the gel remains sterile, or until roots have grown to the edge of the container.
Agar systems can be constructed with homogenous distribution of nutrients, or they can
be easily modified to evaluate root response to different nutrient
availabilities/deficiencies and allocations. Agar-based phenotyping does have some
drawbacks. Agar must be prepared to a resistance similar to that of soil so that roots can
penetrate and adequate structural support is provided for the plant (Yan et al. 2017).
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Agar, while a solid, does not have pore space like soil, which may influence root growth.
Seeds inserted fully into agar can become sealed and lack enough gas exchange to
promote germination (Yan et al. 2017). Varying methods of planting have been utilized
for gel-based systems to combat these problems. Studies utilizing gel-phenotyping have
germinated seeds in Petri plates with media (Finch et al. 2017) or in nutrient solution
(Iyer-Pascuzzi et al. 2013) and have then inserted the seedlings into the gel for further
growth. This method may artificially influence the root angle and can damage roots. The
authors have successfully germinated winter wheat (Triticum aestivum L.) in agar so that
the root angle is not artificially influenced. While agar-based phenotyping does not allow
for the collection of chemical data, it is a superior method for the measurements of RSA.

2.2.3 Marker-Based Profiling for Root System Architectural Traits
Characterization of root system architecture for the selection of preferred phenotypes
might be expedited by the identification of markers for use in marker-assisted selection.
The high heritabilities of root traits would allow for rapid improvement if markers could
be identified and would limit the amount of field-based or lab-based phenotyping needed
to verify root system architectural traits. Differing genetic marker types may be more or
less suitable for certain qualities. Genetic markers are broadly classified as classical and
DNA/molecular-based markers. Classical markers include morphological, cytological,
and biochemical markers (Nadeem et al. 2018); molecular markers include restriction
fragment length polymorphism, amplified fragment length polymorphism, simple
sequence repeats, single-nucleotide polymorphism (SNP), and diversity arrays
technology. There are benefits and drawbacks to the type of marker used. Molecular
26

markers are reproducible but can be costly. Classical markers, on the other hand, can be
visually assessed or do not require specific instrumentation. Classical markers can be
influenced by environmental factors and may not make the best choice for root system
traits. Therefore, much of the work on markers for root breeding has been focused on
DNA markers.
Numerous molecular markers have been determined for root system architectural
traits in several crops. A genome-wide association panel that used SNP markers has
identified corn seedling root traits that could be beneficial in selecting mature plant traits,
such as root dry weight, which positively correlates with mature plants, including yield,
in both low and high nutrient conditions (Pace et al. 2015). Heritability values obtained in
this corn study are similar to those found in controlled greenhouse and growth chamber
experiments and field experiments. Pace et al. (2008) concluded that SNPs could be used
to include root architecture in a breeding selection strategy. Further, quantitative trait loci
(QTL) have been identified for use in marker-assisted selection strategies. Root length,
volume, number, fresh weight, and dry weight QTLs have been determined for sorghum
(Rajkumar et al. 2013). Atkinson et al. (2015) identified twenty-nine QTLs for hexaploid
wheat root traits, including seminal root angle, seminal root length, and total root length.
The QTLs identified explain 7.1% to 26.8% of the variation with a varying magnitude of
additive effects, suggesting that the identified markers may be useful in crop breeding.
Further, QTLs for yield and nitrogen uptake verified in field studies co-localize with root
QTLs on one chromosome, indicating root traits can likely be used to influence nutrient
uptake and yield (Atkinson et al. 2015). Thirty-eight QTLs associated with biomass and
root architecture have been identified in oilseed rape grown under varying phosphorus
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conditions (Shi et al. 2013), indicating that root breeding could be a target for improved
phosphorus acquisition. The QTL associated with responses to low phosphorus identified
in oilseed rape have also been identified in Arabidopsis and share common genomic
regions (Bentsink et al. 2003; Reymond et al. 2006; Shi et al. 2013; Vreugdenhil et al.
2004). Continued work with Arabidopsis may prove beneficial in identifying possible
markers for other crops, especially as the full genome has been sequenced, and QTLs
identified in Arabidopsis appear to be homologous with other plants. The identification of
several DNA markers, both QTLs and SNPs, for root traits supports root breeding.

2.3 Importance of Looking Beyond Root System Architecture
Focusing on the physical distribution of roots in the soil profile and making breeding
selections to put roots where the resources are, is an essential first step to improving crop
productivity. What should be included as a next or concurrent step in this process is an
assessment of what the roots are doing once they get to the resource and what happens to
the roots after crop harvest. The rhizosphere is a complex ecosystem shaped by plant
species via physical root growth and the priming action induced by the chemical cocktail
of root products entering the soil. These root products feed microbes, which drive
nutrient cycles (i.e., priming) and influence water movement and nutrient uptake. After
harvest, the roots then make an ill-quantified contribution to soil C and nutrient pools.
This contribution is important in crop rotation and cover-cropping systems, especially
where no-till or minimal-tillage is used, and the roots from the previous crop remain
intact. Identifying how RSA-focused and shoot-specific breeding alters root structural
and chemical properties is vital to achieving full yield potential.
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2.3.1 Structural Profiling
Root system architecture should not be the only selection criterion for crop
improvement. Plants partition 20–50% of fixed carbon to root systems (Kuzyakov and
Domanski 2000), where it is used to build root tissues (e.g., lignin, cellulose,
hemicellulose) or lost to the surrounding soil (i.e., rhizodeposits). As root systems remain
in the soil profile after harvest, an understanding of the structural composition of roots is
necessary to understand their turnover and subsequent influence on soil fertility.
Coupling structural profiling with root system architecture will provide a better
understanding of both placement of roots and the service those roots provide once the
crop is terminated, such as nutrient release or incorporation into soil organic matter.
Root mineralization is not as well understood as mineralization of shoot tissues
because roots are not easily observed. However, the same metrics used to estimate the
mineralization of leaves and other tissues have been used to assess root mineralization,
namely, the ratio of C to N. The C:N ratio, however, does not reflect how the carbon and
nitrogen are distributed among root compartments. Carbon is partitioned to form root
structural components, including cellulose, hemicellulose, and lignin, each with differing
decomposability. Similar to the C:N ratio, the contents of cellulose, hemicellulose, and
lignin vary with plant species. Maize, millet, sorghum, wheat, and other Poaceae species
have lower lignin content than other botanical families, such as Brassicaceae and
Fabaceae (Redin et al. 2014). Low lignin content corresponds with a greater soluble
fraction, which can be released for priming action (Redin et al. 2014). Low lignin content
is often viewed as a greater quality litter because it will rapidly decompose (Lavallee et
al. 2018). The purpose of the litter should be considered before selection in order to meet
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producer needs. Litter that will be serving as a cover crop in a highly weathering
environment, such as one that receives a high amount of rainfall, must have more
hemicellulose than litter that must degrade quickly to facilitate mechanical planting into
the litter layer.
The soluble, cellulose, hemicellulose, and lignin fractions may be a better metric for
estimating root quality than C:N ratios. While root C:N ratios vary between crop species,
for example, 20 in dry pea to 75.2 in flax, C:N ratio has not been shown to vary with root
depth within species (Gan et al. 2011). Fine roots near the surface have the same carbon
and nitrogen mass as deeper roots; however, their rate of turnover is quite different.
Partitioning of carbon into cellulose, hemicellulose, and lignin is affected by the root
type, age, and physiological stage of the plant. Lignin content has been found to increase
with increased physiological age. The lignin content of wheat and maize roots increases
significantly between flowering and maturity. A similar trend is identified in grasses in
which lignin content varies across a growing season (Picon-Cochard et al. 2012). Many
studies have found that fine roots decompose faster because of their lower lignin:nitrogen
ratios (Silver and Miya 2001). Therefore, it is not the C:N ratio that is predictive of the
rate of root decomposition, but instead, the chemical composition.
Nutrients may also be influential in predicting root turnover. Calcium content
explains a large amount of variability in root decomposition (Silver and Miya 2001).
Calcium regulates many cellular processes, including solute movement, cell division, cell
wall synthesis, and structural function of support tissues (McLaughlin and Wimmer
1999). Greater calcium content may indicate better quality tissues. Calcium availability
can influence rooting patterns and nutrient uptake, specifically nitrogen (McLaughlin and
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Wimmer 1999). The influence of calcium on root quality may be two-fold. Fungal and
bacterial heterotrophs in close association with roots can accumulate calcium to form an
oxalate salt (Cromack et al. 1979) that can be used to maintain metabolism in unfavorable
conditions (Grabovich et al. 1995) or be released to acquire nutrients during unfavorable
conditions (Jones 1998). Additionally, calcium content may be reflective of conditions
that influence decomposition (Silver and Miya 2001). Aluminum, boron, cadmium,
copper, and manganese toxicities have been correlated with increased lignin
concentration in rice, wheat, soybean, and tomatoes (Frei 2013). Deficiencies of calcium,
potassium, manganese, nitrogen, phosphorus, and silicon correspond with decreased
lignin content in wheat roots but increased lignin in tobacco and soybean (Frei 2013).
Nutrients other than carbon and nitrogen, such as calcium or other elements of agronomic
importance, should be considered during root assessments.

2.3.2 Chemical Profiling
The 30–60% of net fixed carbon in annual plants is transferred to roots (Lynch and
Whipps 1990). The amount of this carbon exported into the rhizosphere as rhizodeposits
varies by plant: 25% in wheat (Whipps and Lynch 1983), 21% in barley (Whipps 1984),
52% in maize (Whipps 1985), and 70% in tomato (Whipps 1987). Therefore,
rhizodeposits should be considered when assessing roots during plant breeding. Exudates,
such as phytosiderophores and enzymes, are critical for nutrient acquisition and uptake
(Oburger and Jones 2018). Assessment of root exudates in the soil is difficult due to soil
matrix effects and microbial decomposition but have been successfully measured
(Oburger et al. 2013). If lab-based phenotyping is used for the assessment of RSA,
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chemical profiling can be incorporated into the solution-based assessment of RSA, or
solution-based profiling can be included in tandem with agar-based phenotyping.
Organic acids, or more appropriately organic anions because they are released as the
conjugate base due to the pH of the root cytosol, are simple molecules with one or more
carboxylic groups (Hinsinger 2001) that have been widely studied for their role in
nutrient acquisition, pathogen resistance, and other abiotic and biotic stresses. The most
frequently reported organic anions are those involved in the Krebs cycle and biochemical
pathways responsible for important metabolites, such as oxalate, oxalo-acetate, malate,
fumarate, succinate, α-ketoglutarate, isocitrate, and citrate. Others, including formate and
lactate, have also been observed (Dakora and Phillips 2002). The organic anion or anions
exuded can vary with nutrient deficiencies (Neumann and Römheld 1999). Increased
citrate and malate content of roots is reported for many plants under phosphorus
deficiency (Jones 1998), whereas acetate, formate, glycolate, malonate, oxalate, and
piscidate aid in manganese acquisition (Dakora and Phillips 2002). The exudation of
organic anions also varies by plant. For example, a study on alfalfa has recorded an 82%
increase in citrate when in low phosphorus conditions (Lipton et al. 1987), whereas rape
has released malate instead (Dakora and Phillips 2002). Interpretation of these responses
can be difficult as the cytosolic content of organic acids is 1000-fold greater than in soil
solution (i.e., 0.5 mM compared to 0.5–10 µm) (Jones 1998). The low concentration in
soil solution may be the result of microbial decomposition (Gahoonia and Nielsen
2004b). The release of organic acids in greater quantities than that consumed by
microbial biomass will facilitate nutrient release from the soil matrix. Lastly, the
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variation of organic acid content by genotype has not been thoroughly evaluated
(Gahoonia and Nielsen 2004b) and may serve as a tool in crop selection.
The release of phenolics rather than organic anions is a strategy utilized by some
plants when deficient in iron (Römheld 1987), but the release of phytosiderophores is the
predominant strategy of grasses in iron-deficient conditions (Römheld 1991). Chelation
and solubilization of iron may additionally promote solubilization of phosphorous if iron
oxide bound phosphorus is present. Additionally, phytosiderophores also chelate copper,
zinc, and manganese, promoting the uptake of these micronutrients (Treeby et al. 1989).
There is substantial variation in phytosiderophore release in cereals (Rengel 1999). This
variation could be utilized to select genotypes for certain environments or to breed better
cereals. Differences in phytosiderophore production and micronutrient uptake are
currently being utilized to combat global micronutrient deficiencies (Lynch 2007).
Enzymes are an additional acquisition strategy for a variety of nutrients. A suite of
enzymes is exuded by plants, but much attention has been given to the role of enzymes
involved in the acquisition of primary macronutrients, such as urease and nitrogenase for
nitrogen and phosphatase and phytase for phosphorus. Barley genotypes exhibit
significant differences in phytase (Asmar 1997) and phosphatase activity in P-limited
conditions (Asmar et al. 1995). Wheat genotypes have also exhibited differential
expression of acid phosphomonoesterase and phytase activities (Richardson et al. 2000).
Greater acid phosphatase activity of wheat roots has been correlated strongly with the
total phosphorus content of the plant (r = −0.914) (McLachlan and Marco 1982). Such
results support that the enzymatic activity of roots can be used as a screening parameter
for nutrient utilization.
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An additional strategy to acquire nutrients is rhizosphere acidification. Liming of
agricultural soils adjusts soil pH to an optimal range, one in which macronutrients and
micronutrients for a given crop are most available. Due to the heterogeneous and
dynamic nature of soils, pH varies and, therefore, nutrient availability differs throughout
the soil profile. Acidification of the rhizosphere of specific roots serves to increase
nutrient availability. Acidification of the rhizosphere is not solely a function of charge
balance or organic acid exudation. It is an active pumping of H+ ions. A study that has
compared the acidification of iron deficient and sufficient plants found that there is no
difference in organic acid exudation content of the roots. The observed pH change is
attributed to organic acid accumulation as well as proton extrusion. The amount of
protons required under the study conditions to achieve the pH change of 1.7 units is 43
μmol (de Vos et al. 1986). The accumulated citrate and malate from one acidification
cycle would theoretically yield 33 ± 14 μmol H+, assuming citrate yields 2.5 H+ mol−1 and
malate yields 2.0 H+ mol−1 (de Vos et al. 1986). Active proton extrusion is necessary to
result in the observed pH change. Acidification is also responsible for the creation of a
positive feedback loop in which the uptake of phosphate and ammonium is increased in
maize (Ding et al. 2011; Jing et al. 2010). Some crops, such as faba bean, rely on the
mechanism more heavily than others. Under P deficiency, faba bean has a specific proton
efflux of 0.47 nmol h−1 cm−1, whereas soybean has a specific proton efflux of 0.05 nmol
h−1 cm−1 (Zhou et al. 2009). This difference in proton efflux explains the ability of faba
bean to utilize sparingly soluble P pools more effectively than soybean. However,
acidification is not a nutrient acquisition strategy for all plants. Wild blueberry, highbush
blueberry, and wild apple are not capable of acidifying their rhizosphere in response to
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iron deficiency (Nunez et al. 2015; Wu et al. 2012). Rhizosphere acidification is a
targetable trait to increase nutrient acquisition.

2.4 Future Perspectives
Root traits are an untapped source of genotypic potential, and their use in selection
criteria will likely enhance genetic gain. In the face of a changing climate and the need to
feed eleven billion people by 2100, root breeding offers tremendous potential to plant
breeders. Yet, there is not a “silver bullet” (Palta and Turner 2018); breeding for roots
cannot rely on just one marker, gene, trait, or architectural component. There must be a
holistic approach when incorporating roots into breeding programs. Roots serve a
multitude of purposes and utilize numerous mechanisms to acquire nutrients and to
support the plant, including secretion of enzymes, exudation of organic acids and
chelators, and recruitment of beneficial microorganisms. Continued research into RSA,
and importantly, coupling this with the assessment of structural composition and
chemical traits of roots will aid in increasing crop yield by enhancing our selection of
crops with better nutrient use and acquisition efficiencies, pest and disease resistance, and
drought tolerance. By solely looking at RSA in root breeding, we are missing the
opportunity to select for other desirable traits.
Just as roots do not rely on a single strategy, a single root system will not be ideal for
every growing environment. The ideal root system for nitrogen acquisition will not be the
same as the ideal root system for phosphorus due to the difference in mobility and
location of these nutrients in the soil profile. Differing expressions of root growth have
been shown in zones enriched or depleted in nutrients (Hodge 2004). Further, roots
utilize different mechanisms to acquire the same nutrient in different soils. For example,
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secretion of organic acids is important in calcareous soils in order to decrease soil pH and
solubilize phosphorus, whereas the release of chelators and/or phytosiderophores is
necessary for phosphorus acquisition in soils with large iron and aluminum
concentrations. The expression of different acquisition strategies in different soils is
further compounded by the influence of management on acquisition strategies. Shallower
rooting systems with a high degree of lateral branching may be optimal in no-till systems
where nutrients tend to accumulate in the surface layers; deep rooting may be
advantageous in coarse-textured soils, which drain rapidly.
We propose a multi-faceted trait-based, resource-specific screening approach for the
selection of desirable root phenotypes (Figure 2.2). Using this approach, the mechanisms
known to be important for the acquisition of the target resource or suppression of the
target pathogen/pest are predefined, and a population of plants is then screened for these
traits in the lab and field-based experiments. For example, we know from the literature
that the potential of a plant to extract phosphorus from the soil (we define this as the P
extraction potential or PEP) is a function of a shallow root system for the interception, the
release of phosphatase enzymes, protons, and organic anions (e.g., citrate, malate,
oxalate), and recruitment of beneficial microorganisms (e.g., arbuscular mycorrhizal
fungi). All of these traits can be quantified for a panel of plants while grown under low P
conditions and included in a trait matrix used for the selection for those with the greatest
PEP. Using this approach, one can imagine screening for the dominant trait (e.g., RSA) to
put the roots where the resource is, then performing a secondary screening of the
population for chemical, physical, and biological traits that then stack up (i.e., stackabletraits) to make a more robust phenotype. These mechanisms will not have the same
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efficacy across all soil types, but the potential can be adjusted for various environments.
For example, the factor for citrate or malate content can be weighted more when
calculating PEP for soils with low iron and aluminum oxide content, or the factor for
RSA could be adjusted to decrease the weight of lateral branching for a tilled
environment where phosphorus accumulation in the surface is not as prevalent as a no-till
system. This holistic approach will support crop breeding for increased yield and nutrient
acquisition necessary to feed a growing population with reduced mineral-based
fertilizers.
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Figure 2.1. Summary of root system architecture captured by various methods: (A) full
root phenotype, (B) trenching, (C), coring, (D) mini-rhizotrons, (E) crown root
excavation. Black outlining of the root system indicates regions that could be viewed for
phenotyping. Colored bars indicate the region of sampling. The figure is reproduced with
permission from Topp et al. (2016).

38

Figure 2.2. Summary of proposed trait-based phenotyping pipeline for crop improvement:
3D RSA in agar (A); solution culture for organic acid production in root tips, exported
organic acids (OA), exported enzymes (E), root composition, protons for acidification
(H+), and structural composition of roots/shoots (B); trait matrix used for resourcespecific phenotype selection (C); pots/mesocosm controlled environment experiments for
the verification of root phenotype and characterization of rhizosphere biogeochemical
traits (D), which are added to the trait matrix and used to finally make a selection for field
trials or deployment (E).
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CHAPTER 3: SEMI-DWARFISM CORRESPONDS WITH DECREASED ORGANIC ACID
PRODUCTION FOR PHOSPHORUS ACQUISITION
This chapter was published as: McGrail, R.K.; Van Sanford, D.A.; McNear, D.H., Jr.
Semi-dwarf winter wheat roots contain less organic acids than wild type varieties under
phosphorus stress. Crop Science 2021, 1-12. https://doi.org/10.1002/csc2.20470
3.1 Abstract
Organic acids are exuded by plant roots into the rhizosphere for a variety of reasons,
including nutrient acquisition. The most frequently reported organic acids are those
involved in the Krebs cycle and other important biochemical pathways responsible for the
production of important plant metabolites including oxalic, malic, and citric acid. Many
studies report increased citric and malic acid exudation when plants are P-deficient.
Because plant breeding is typically carried out under heavily fertilized conditions, it is
possible that wheat (Triticum aestivum L.) breeders have unintentionally selected for
varieties with decreased nutrient acquisition capability from soil organic matter and soil
colloids. In this study we evaluated a diverse panel of ten winter wheat cultivars, which
included wild type (tall) and semi-dwarfs, for organic acid content. Plants were grown in
solution culture with and without P for 24 days. Thirty 1-cm root tips were bulked per
sample and extracts analyzed by high performance liquid chromatography for citric,
malic, and oxalic acid content. Under P-deficiency total organic acid content differed
between wild type and semi-dwarf varieties with wild type cultivars containing more
organic acids in the root tips. This difference in total production was driven by oxalic
acid while citric and malic acid concentrations were conserved. Unlike citric and malic
acid, oxalic acid is not necessary for major metabolic processes and therefore may be
expendable. Breeding for semi-dwarf wheat corresponds with unintentional changes to
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root system function that could impact nutrient acquisition and other rhizosphere
processes.

3.2 Introduction
During the Green Revolution, genetic improvements in staple crops — wheat
(Triticum aestivum L.), rice (Oryza sativa L.), and maize (Zea mays L.) — used in
developed nations were applied to crops in developing nations under a variety of growing
conditions. Overall improvements in cereal crops resulted in a tripling of production
during the past fifty years with only a 30% increase in cultivated land worldwide
(Pingali, 2012). The discovery of dwarfing genes in grain crops and their utilization to
prevent lodging was, arguably, the most important advance of the Green Revolution.
Germplasm improvements alone, such as the incorporation of dwarfing genes, has
increased annual productivity 1% worldwide for wheat (Pingali 2012); this annual
productivity increase is the greatest among all grain crops including rice (0.8%), maize
(0.7%), sorghum (0.5%) [Sorghum bicolor (L.) Moench.], and pearl millet (0.6%)
[Pennisetum glaucum (L.) R.Br.].
Dwarfism in American wheat cultivars is derived from crosses of American cultivars
with the Japanese cultivar Norin-10. Norin-10 and similar Japanese cultivars resembled
ordinary wheat but were shorter with stiffer straw and more tillers when compared to stiff
straw varieties (Reitz and Salmon 1968). These cultivars ranged in height from 60 to 80
cm, which was half to two-thirds shorter than the average variety of wheat. Crosses of
Norin-10, brought to the United States by Cecil Salmon (Gale and Law 1977), were used
to produce semi-dwarf wheat varieties (Lumpkin 2015). The semi-dwarf varieties were
used by Norman Borlaug in his breeding program at the International Maize and Wheat
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Improvement Center in Mexico (Lumpkin 2015) and by M.S. Swaminathan in India
(Kesavan 2017) to advance yields in these countries.
In addition to reduced lodging in high fertilizer input environments, semi-dwarf
varieties exhibit increased tillering and increased disease resistance (Lumpkin 2015).
Varieties produced by Borlaug were rust resistant (Shindler 2016), and many semi-dwarf
varieties exhibit varying levels of resistance to Fusarium head blight (Guedira et al. 2010;
He et al. 2016; Hilton et al. 1999; Srinivasachary et al. 2008). These characteristics of
semi-dwarf wheat resulted in a 208% yield increase in developing countries between
1960 and 2000 (Pingali 2012). Overall, 70% of all winter wheat cultivars grown today
have a semi-dwarf phenotype as a direct result of these breeding events and selection for
other desirable traits (Guedira et al. 2010).
While the targets for wheat development were reduced lodging and biotic stress
tolerance, the resulting genetic changes in semi-dwarf varieties have corresponded with
changes in belowground traits. Significant differences have been observed in root
biomass among landraces and modern cultivars of wheat (Bektas et al. 2016) as well as
wild type and semi-dwarf varieties of wheat (Cholick et al. 1977; Holbrook 1973; Lupton
et al. 1974; Siddique et al. 1990; Waines and Ehdaie 2007). Changes in root biomass and
distribution within the soil profile associated with dwarfing have been evaluated for their
influence on water and nutrient acquisition, primarily nitrogen. Cholick et al. (1977)
found no differences in water uptake between wild type and dwarf wheat, and many
studies have concluded that there are no differences in inorganic nitrogen response
between tall and semi-dwarf varieties when accounting for differences in yield or protein
concentrations in wheat (Kim and Paulsen 1986; McNeal et al. 1971), barley (Hordeum
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vulgare L.) (Nedel 1990), or oats (Avena sativa L.) (Marshall et al. 1987). In studies in
which differences in response were identified, the response also correlated with plant
developmental stage (Woodward 1966), disease resistance (Blackman et al. 1978),
fungicide application (Blackman et al. 1978), seeding rate (Makela et al. 1996), or
increased nutrient application (Makela et al. 1996).
No studies evaluating nutrient acquisition strategies between tall and semi-dwarf
grains have directly evaluated the underlying mechanisms. It is estimated that 20-60% of
net carbon fixed by annual plants is transferred to roots (Kuzyakov and Domanski 2000;
Lynch and Whipps 1990). This assimilated carbon can be utilized to synthesize structural
root components or can be actively transported into the rhizosphere as rhizodeposits,
which include sugars, organic acids, sloughed root cells, and mucilage. Rhizodeposits
mediate the uptake of nutrients indirectly by providing carbon sources for
microorganisms to utilize for mineralization of organic matter or directly by solubilizing
nutrients and/or by chelating nutrients for uptake. Changes in organic acid exudation in
response to various nutrient deficiencies are well documented for a variety of crops. Few
studies, however, have evaluated changes in organic acid concentrations in response to
nutrient deficiency between genotypes of the same species or resulting from selective
breeding. Genotype level differences in response to phosphorus deficiency have been
found for soybeans (Dong et al. 2004; Vengavasi and Renu 2016), and domestication of
tetraploid wheat was shown to have a large impact on root exudates, including organic
acids and sugars (Iannucci et al. 2017). However, no similar studies have been conducted
on spring or winter wheat.
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Given that breeding generally occurs in high input agroecosystems, breeding for the
semi-dwarf phenotype with an emphasis on shoot characteristics related to yield or
pathogen resistance may have inadvertently altered the plant’s below ground attributes
beyond physical root composition or architecture, and as such, its ability to acquire
nutrients from the soil. One of the main mechanisms of root-associated nutrient
acquisition, among other functions, is the production and release of organic acids (Jones
1998). The objective of this study, therefore, was to evaluate organic acid production, in a
diverse panel of wild type and semi-dwarf winter wheat cultivars that ranged in year
released from 1808-2004. We hypothesize that non-dwarf cultivars would produce
different quantities of organic acids relative to dwarfed cultivars.

3.3 Materials and Methods
3.3.1 Plant Selection
A preliminary panel of twenty-two winter wheat accessions (Table A1.1) were
selected from a mapping panel of winter wheat cultivars grown in the Central and Eastern
United States (Guedira et al. 2010). Accessions were selected based on presence or
absence of dwarfing alleles by decade. Three cultivars were selected prior to the
introduction of dwarfing alleles into American wheat lines. Norin-10 was included as it
was the source of dwarfing alleles in American wheat. Accessions were selected for the
study so that each decade had a wild type (non-dwarf), Rht-B1 semi-dwarf, and Rht-D1
semi-dwarf. Seeds for each selection were obtained from the USDA-ARS National Small
Grains Collection.
Leaf tissue from each of the twenty-two wheat varieties was sent to the Eastern
Regional Small Grains Genotyping Laboratory (ERSGGL; Raleigh, NC)
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(https://www.ars.usda.gov/southeast-area/raleigh-nc/plant-science-research/docs/smallgrains-genotyping-laboratory/main/; verified 7/1/20) to be genotyped in order to estimate
marker-based coancestry. Briefly, five seeds of each wheat variety were grown to two
leaf stage in a growth chamber under controlled conditions (25 °C, 65% humidity, 16
hour photoperiod). A 2.5 cm centimeter section of each leaf was collected and compiled
into a bulk sample weighing 30-60 mg (fresh weight). The leaf samples were lyophilized
prior to shipment to the ERSGGL for DNA extraction. Marker data was used to construct
a distance matrix (Table A1.2) using the TASSEL software package (Bradbury et al.,
2007). Smaller values in the distance matrix indicate genetic similarity whereas larger
values indicate dissimilarity. Results from the distance matrix as well as ancestry
reported by the USDA Germplasm Resources Information Network (https://www.arsgrin.gov/; verified 7/1/20) (Table A1.3) was used to select the final panel of ten cultivars
(Table 3.1).

3.3.2 Growth Conditions
Twenty-five seeds of each cultivar (n=10) were surface sterilized in batches using 20
μL of Tween-20 and 40 mL of 3% sodium hypochlorite in sterile ultrapure double
deionized (DDI) water (Barnstead International, Dubuque, Iowa). Seeds were agitated in
the sterilization solution with a stir bar for five minutes at 60 rpm. Seeds were then rinsed
five times with 20 mL aliquots of sterile DDI water and then transferred to a 50 mL
conical centrifuge tube containing a fresh aliquot of sterile ultrapure DDI water and
stored at 4 °C for 24 hours. After 24 hours, the seeds were rinsed with a fresh aliquot of
sterile ultrapure DDI water and returned to cold storage for an additional 24 hours.
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Seeds were transferred to sterile pre-moistened filter papers held in a petri dish to
germinate. Dishes were placed randomly on a stagnant rotary shaker (Thermo Scientific
MaxQ 3000; Waltham, MA) under cool white fluorescent light (100 µmol m-2s-1; 16 hr
light/8 hr dark) in a growth tent (25 °C; 75% humidity) until germination. After 48 hours,
six germinated seeds per cultivar were sown into a net basket suspended in 1L glass
vessels containing DDI water. The vessels were returned to the stagnant orbital shaker
under the same light and temperature conditions for 72 hours. This period without
shaking allowed seeds to anchor and prevented seed pile-up in the baskets. After 72
hours, the ultrapure DDI water was replaced with half strength Hoagland’s No. 2 nutrient
solution without or with ammonium phosphate (0 or 57.52 mg L-1 NH4H2PO4, Caisson
Labs; Smithfield, UT) adjusted to pH 6 using KOH. Vessels were randomly placed in two
open top boxes on the shaker with dividers between jars and a black plastic sheet between
the vessel tops and the box to prevented light from penetrating the root zone. Because of
limited space in the growth chamber, the experiments were repeated to achieve 5
replicates for each variety. For the without P treatment all 10 wheat varieties were grown
at once and the experiment repeated 5 times resulting in 5 replicate vessels per wheat
variety (6 plants/vessel x 5 reps = 30 plants). For the with P control treatment, all 10
wheat verities were grown in duplicate for two rounds and then alone in the final round to
produce 5 replicates.
The rotary shaker was turned on and maintained at 90 rpm for the remainder of the
experiment. Solution was added to vessels as needed to ensure plants did not exhibit any
symptoms of water stress and completely refreshed every 14 days. On the 24th day of
growth, 30 1 cm long root tips were collected from each vessel and bulked to compose a
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single sample. Root tips were lyophilized and then stored at -80 °C. The plants were
counted and separated into roots and shoots. Roots and shoots were weighed after ovendrying at 60 °C. Component biomass was calculated on a per plant basis as follows:
component biomass = biomass of each vessel/number of plants.

3.3.3 Analysis of Organic Acids
Root tips were digested following the procedure described in Dong et al. (2004) with
slight modification. Briefly, each sample was digested in 300 μL of 0.5 M hydrochloric
acid at 80 °C for 40 minutes. Samples were centrifuged at 12000 g for 10 minutes, and
the supernatant was passed through a 0.22 μm syringe filter in preparation for HPLC
analysis (Ultimate 3000, Dionex, Sunnyvale, CA). Organic acids were analyzed by
HPLC according to Dong et al. (2004) with modification. A C18 column (5 μm particle
size, 4.6 mm inner diameter, and 150 mm length; Grace Davison Discovery Sciences,
Cranforth, United Kingdom) was used as the static phase, and the mobile phase was a
solution of 0.5% potassium orthophosphate buffered at pH 2.0 with orthophosphoric acid.
The flow rate was 1 mL min-1; the detection wavelength was 220 nm. Individual
standards and a mixed standard at various concentrations were run to confirm organic
acid identity and for quantification.

3.3.4 Statistical Analysis
Organic acid content was analyzed with Proc GLM in SAS 9.4 (Statistical Analysis
Systems Institute, Cary, NC) to assess significance (p < 0.05) of the fixed main effect of
dwarfing status and cultivar nested within dwarfing status with the random effect of
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block. Further exploratory analysis of organic acid data with respect to breeding method
and fungal disease resistance was conducted with Proc GLM. Root and shoot biomass
and ratios were analyzed to assess significance of (p < 0.05) of the fixed main effect of
dwarfing status and cultivar nested within dwarfing status with the random effect of
blocking. Post-hoc Tukey’s HSD tests were performed to separate means when the
variable was not categorical. All figures were constructed with JMP Pro 14 (Statistical
Analysis Systems Institute, Cary, NC).

3.4 Results

3.4.1 Changes in Organic Acid Content
The total amount of organic acids (summation of oxalic, malic and citric acid) in root
tips decreased in both wild type and semi-dwarf varieties when grown without P. The
decrease in total organic acid concentration was greatest for the semi-dwarfs, although
this difference was not significant (p = 0.062). The proportion of each organic acid
changed between wild type and semi-dwarf plants grown with and without P (Figure 3.1).
Malic acid comprised an average of 62% and 60% of the organic acid profile of wild type
and semi-dwarf varieties grown with adequate P but only 17% and 26% of the profile of
wild type and semi-dwarf varieties grown without P. Oxalic acid was the predominate
organic acid under P deficient conditions, comprising 77% and 67% of the total organic
acids produced by wild type and semi-dwarfs respectively.
Statistical analysis indicated that the citric (p = 0.0013), malic (p < 0.0001), and
oxalic acid (p < 0.0001) concentrations of the root tips differed significantly between
with and without P experiments. Therefore, the two experiments were considered
separately to evaluate the impact of dwarfing alleles and cultivar on organic acid content.
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A two-way ANOVA with dwarfing status (p = 0.6364) and cultivar within dwarfing
status (p = 0.9931) indicated that neither presence of dwarfing allele Rht-B1b or cultivar
impacted organic acid content when plants were grown with adequate P. Under deficient
P conditions, however, dwarfing status (p = 0.0046) but not cultivar within dwarfing
status (p = 0.6116) was related to differences in total organic acid content. Differences in
total organic acid content between the wild type (tall) and semi-dwarf plants (Figure 3.2)
were driven by a difference in oxalic acid content (p = 0.0010) rather than malic or citric
acid content (p = 0.1831 and p = 0.4945 respectively).
Based on information provided in the cultivar registrations (Bayles and Clark 1954;
Haley et al. 2004; Matsumoto 1968; Quick et al. 1996; Quick et al. 2001; Reitz and
Salmon 1968; Smith et al. 1973; Welsh et al. 1977; Welsh et al. 1973), neither breeding
method (Figure A2.1) nor fungal resistance (Figure A2.2) influenced total organic acid
content when under P deficiency. The type of breeding method employed (single head
selection, back cross, or bulk) had no influence on organic acid content (p = 0.85). Root
organic acid content was not significantly different (p = 0.96) between cultivars when
grouped based on the number of fungal diseases to which they were resistant. Note,
however, that all the fungal diseases reported in cultivar registrations are leaf fungal
diseases as opposed to root fungal diseases in which organic acids are thought to be
important antifungal agents (Hassan et al. 2015).

3.4.2 Changes in Root to Shoot Ratios
Root to shoot ratios were evaluated separately based on a one-way ANOVA by
experiment (p < 0.0001). Under sufficient P conditions, root to shoot biomass ratios were
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not significantly different between wild type and semi-dwarf cultivars of wheat (p = 0.66,
Figure 3.3). Average root to shoot biomass ratios for wild type and semi-dwarf cultivars
were 0.40 and 0.41 respectively. Wild type cultivars exhibited both increased shoot (p <
0.0001) and root mass (p = 0.0004) compared to semi-dwarf cultivars. Under P- deficient
conditions, root to shoot biomass ratios were significantly higher in semi-dwarf cultivars
than in wild type wheat cultivars (p < 0.0001, Figure 3.3). This difference was driven by
changes in both shoot biomass (p = 0.0005) and root biomass (p = 0.016).

3.5 Discussion
Plants secrete a variety of compounds into the rhizosphere, such as enzymes, sugars,
protons, and organic acid anions that are used for nutrient acquisition, defense, abiotic
stress tolerance, or recruitment of beneficial microorganisms. Together with enzymes,
organic anions are among the most studied rhizosphere compounds for their role in
nutrient acquisition (namely P) and tolerance to cations like Al3+ (Jones 1998). The type
and effectiveness of the organic acid exuded by plant roots varies with nutrient deficiency
or cation species (Neumann and Römheld 1999), but in general those organic acids
involved in key plant biochemical pathways (e.g. Krebs cycle) such as oxalic, oxaloacetic, malic, fumaric, succinic, α-ketoglutaric, isocitric, and citric acid (Hinsinger 2001)
are the most frequently cited. For phosphorus acquisition, citric and malic acid anions are
often implicated, however, oxalic acid has also been reported under phosphorus
limitation in a variety of soils and plant species (Abrahão et al. 2014; Dong et al. 2004;
Ström et al. 2005). While plants may exude a variety of organic acids in response to
nutrient stress, generally one acid dominates (Jones 1998).
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In this study, we found that under P-sufficient conditions, citric acid was the
predominate organic acid contained in root tips (Figure 3.2). The predominance of citric
acid under P-sufficient conditions is likely related to its role in the Krebs or tricarboxylic
acid (TCA) cycle. Organic acids, such as malic acid, are stored within root tissues for
later partitioning to shoots, intracellular pH stabilization, charge balance for proton
efflux, or exudation for nutrient acquisition (Neumann and Römheld 1999). Malate is an
intermediate compound in the TCA cycle which can undergo reaction to produce citrate.
When plants were grown with adequate P, shoot growth was optimized and hence malic
acid accumulated in the roots for the aforementioned reasons. A similar study conducted
by Neumann and Römheld (1999) found a greater root concentration of citric acid
compared to malic acid under P-sufficient conditions (0.67 µmol g-1 fresh weight vs. 0.39
µmol g-1 fresh weight). However, they found that malic acid was present in root exudates
whereas citric acid was not. This suggests citric acid would be retained in roots and
would not be exuded for nutrient acquisition.
The concentrations of malic and citric acids in root tips was less under P-sufficient
conditions. On average, malic acid content was reduced by a factor of 3.9 for both wild
type and semi-dwarf plants, while citric acid content was reduced by a factor of 2.1 and
1.5 for wild type and semi-dwarf plants, respectively. The finding of reduced citric acid is
supported by Neumann and Römheld (1999) who concluded that a reduction in root citric
acid concentration in conjunction with increased activity of PEPC, an enzyme in the TCA
cycle, indicates the use of citric acid for P acquisition is dependent on the regulation of
biosynthesis and breakdown of citric acid in root tissues for plant metabolic processes.
The reduction of both citric and malic acid observed in this experiment supports the
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hypothesis that citric acid and its precursors in the TCA cycle would not be used for Pacquisition when both are needed for plant metabolic processes. There are some recent
studies in which soil-grown oat was found to produce elevated concentrations of citrate,
although it was not shown to improve P acquisition (Wang et al. 2016). A study on wheat
found that while citrate was produced under insufficient P conditions, theoretical
modeling suggests citrate is more effective in mobilizing soil-bound P as the volume of
soil increases (Ryan et al. 2014). Because citrate efflux occurs only at the root tips, the
potential for citrate to mobilize P and increase shoot biomass in wheat is limited (Ryan et
al. 2014).
Under P-deficient conditions, oxalic acid was the dominant acid produced by both
wild type and semi-dwarf wheat. However, wild type wheat produced 1.67 times more
total organic acids than semi-dwarf wheat varieties due to greater oxalic acid
concentration in wild type compared to semi-dwarf wheat (Figure 3.1- 3.2; Table A2.1A2.2). Oxalic acid is advantageous for P-acquisition as it is not needed for metabolic
processes. Oxalic acid concentrations were found to change proportionally with varying
solution P concentrations in some wheat varieties (Dotaniya et al. 2013). The same wheat
varieties were grown in soil with organic amendments and found to produce oxalic acid
in response to P needs, and oxalic acid production promoted P uptake (Dotaniya et al.
2014). While citrate is often considered superior to other organic acid anions at
improving P acquisition and uptake (Ryan et al. 2001), there are some disadvantages to
the plant for relying on this mechanism. Dong et al. (2004) postulate that oxalic acid
offers two distinct physiological advantages over other organic acids produced to
overcome P-starvation. First, less carbon and energy are consumed during oxalic acid
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exudation compared to other organic acids, and secondly, oxalic acid is not an
intermediate metabolite in key physiological processes like citric and malic acid (Dong et
al. 2004). Further, oxalic acid is not as favorable a carbon source for microbes in the
rhizosphere compared to citric or malic acids in which case it could persist longer to
chelate metals and liberate P (Keiluweit et al. 2015; Sokol et al. 2019).
No studies to date have, to our knowledge, evaluated differences in root organic acid
profiles specifically comparing wild type and semi-dwarf varieties. Maybe this is due to
monocots not being found to release large amounts of carboxylates into the rhizosphere.
The difference in organic acid concentrations under P deficiency may be associated with
changes in both aboveground and belowground biomass allocation as a result of
dwarfing. Photographs of the roots collected prior to root-tip collection reveal a
difference in root tip morphology between semi-dwarf and wild type plants grown under
differing P conditions (Figure 3.4). When grown without sufficient P, wild type cultivars
(e.g., Goens and Prowers) have what appear to be greater root hair density and curled root
tips that could function to increase root surface area for P-acquisition. On the other hand,
Akron, a semi-dwarf cultivar, did not respond in the same way. An exception to this
observation is Norin-10. Norin-10 appeared to have greater root hair density than semidwarf varieties, but less than wild type cultivars. Norin-10 consistently falls as an
intermediate between wild type and semi-dwarf cultivars in terms of organic acid content
and root architecture in this study and other studies. This suggests that increased
introgression of reduced height genes over time has resulted in unintentional changes in
root form and function. The difference in root hair density in the wild type and semi-
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dwarf cultivars may suggest a physical trait which could be used in breeding trials as a
proxy for root-tip organic acid content.
Semi-dwarf varieties of wheat have an increased root:shoot ratio compared to wild
type varieties due to their decreased stem biomass (0.89 compared to 0.68, respectively;
Figure 3.3). In addition to the shortening of stems, flag leaf length and width of semidwarf wheat has been found to be shorter and narrower, respectively (Jobson et al. 2019).
Additionally, the flag leaves of semi-dwarf wheat were found to have decreased
photosynthetic rate, evapotranspiration, and stomatal conductance at anthesis during
grain fill (Jobson et al. 2019). Semi-dwarf varieties of wheat have increased stomatal
density and increased leaf thickness compared to tall varieties (Nenova et al. 2014).
Decreased oxalate content in semi-dwarf varieties may therefore be due to differences in
leaf size and photosynthetic capability. Oxalate is an important counterion to sodium and
potassium anions, and soluble oxalate salts are important for maintaining turgor and for
osmoregulation (Libert and Franceschi 1987). Oxalate has also been implicated in
cellular pH regulation, especially when the predominate nitrogen species is nitrate (Libert
and Franceschi 1987). It is therefore likely that changes to shoot length through dwarfing
and its subsequent effect on leaves have also influenced the oxalic acid content of roots.
Differences in conservation of citric and malic acid expression under P deficiency
between semi-dwarfs and wild type could be due to physiology and selection during
breeding. Citric acid and malic acid are critical components of the tricarboxylic acid or
Krebs cycle. Plants without sufficient citric acid or malic acid would be unable to
generate enough ATP, ADP, and carbon compounds for growth. Malic acid is also
involved in proper functioning of guard cells (Finkemeier and Sweetlove 2009). Poor
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transpiration efficiency would result in poor plant performance. Therefore during
breeding, any plant without sufficient citric acid and/or malic acid content would have
been selected against as the plant would fail to thrive, and the plant would not have
advanced in further breeding trials. Oxalic acid, however, is not directly involved in vital
plant physiological process such as the tricarboxylic acid cycle. Because oxalate is one of
many possible counterions that could be used for internal pH regulation and
osmoregulation, the difference in oxalic acid might not have been noticed during
breeding.
However, oxalate is important in nutrient acquisition. Oxalic acid is effective in
complexing aluminum, iron, and calcium to release inorganic and organic phosphorus (Pi
and Po, respectively) from the soil matrix and into solution (Hocking 2001). The input of
fertilizers used in most plant breeding programs might have masked underperformance in
nutrient acquisition of the semi-dwarf cultivars compared to wild type cultivars. During
breeding sufficient plant nutrition is achieved through inorganic fertilizer additions in an
effort to minimize nutrient stress in favor of promoting phenotypic variance that will
allow the breeder to make selections for desired shoot phenotypes. Under these
conditions, the decreased oxalic acid content of semi-dwarf wheat compared to wild type
wheat would not have been noticed. As long as sufficient nutrients were supplied, plants
would not need to have increased oxalic acid content to utilize for nutrient acquisition.
The two-fold greater oxalic acid content of wild type wheat in comparison to semi-dwarf
wheat may explain, in part, the ability of wild type wheat to obtain soil-bound nutrients,
including P, before the wide adoption of inorganic fertilizer. The decreased concentration
of oxalic acid in semi-dwarf cultivars may result in the use of other organic acids like
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malic acid for P acquisition, which contributes 26% to the total organic acid profile in
semi-dwarfs compared to 17% in wild type plants. Oxalic and citric acids are better acids
for phosphorus acquisition because they have two and three carboxyl groups which can
deprotonate and bind with metal cations binding phosphate (Hocking 2001). Malic acid
can complex metal ions but not with the same efficiency as di- and tri-carboxylic acids.
Oxalic acid has been found to have greater adsorption strength to soils than citric acid
and malic acid (Oburger et al. 2009). Additionally, oxalic acid has a greater half-life than
citric acid and malic acid (Oburger et al. 2009), further supporting the importance of
oxalic acid in liberating soil bound P. Identifying genes in wheat that may encode for
organic acid production, specifically oxalic acid production, may permit breeding of
semi-dwarf wheat with increased phosphorus extraction potential. Genes for oxalate
transporters have not been identified, but studies have isolated molecular mechanisms
responsible for regulation of organic acid transporters of citrate in barley, sorghum, and
aluminum tolerant wheat (Wu et al. 2018). Mature leaf manganese concentration has
been found to correlate well with rhizosphere organic acid concentration and could serve
as a proxy for selecting plants in breeding programs and could be used in a quantitative
trait loci mapping and marker assisted breeding (Wang and Lambers 2020).
Few comparable studies have reported differences in organic acid profiles between
genotypes within a single crop species. While we observed numerical differences in
organic acid content between some cultivars within dwarfing group (either wild type or
semi-dwarf), these differences were not significant. Differences in malate exudation have
been found between Al-tolerant and Al-sensitive wheat varieties and their near isogenic
line pairs (Nian et al. 2002). A study on two soybean genotypes measured differences in
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malate and citrate concentration in root types in response to varying stresses with time
(Dong et al. 2004). The destructive sampling at a single time point in this study may have
masked potential differences in organic acid content between cultivars that coincide with
specific developmental milestones (e.g., tillering, seed set). Studies reporting differences
in organic acid content of root tips or organic acids in solution generally last no longer
than two weeks. It is possible that differences in root tip organic acid content varies with
developmental stage for the cultivars selected in this study.
The distance panel created based on the genetic profile indicates that all cultivars
were relatively well-related to each other (Table A1.1). Distance values range from 0-1
with the values close to 0 indicating genetic similarity and values close to 1 indicating
genetic dissimilarity. Overall, the maximum distance value reported was 0.34, indicating
the cultivars were moderately related to one another. Such genetic closeness may explain
the lack of difference in organic acid profiles. Genetic similarity between semi-dwarfs is
understandable given that the dwarfing genes in Norin-10 were used predominately in
American wheat to reduce height. The pedigrees of the modern wheat cultivars used
(Table A1.2) illustrate the extensive use of Norin-10 as a parent in American wheat
cultivar development. Norin-10 by Brevor was a primary cross utilized by Vogel to
produce semi-dwarf varieties, and offspring of that cross appear numerous times in the
pedigree of many cultivars either directly or as one of early varieties in which those
offspring were used to produce another variety, such a Sonora 64 (Lumpkin 2015; Reitz
and Salmon 1968).
The development of semi-dwarf wheat in conjunction with synthetic fertilizers has
advanced production considerably. Semi-dwarf wheat and other grains produced during
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the Green Revolution increased grain yields 208%, which fed a growing global
population and lifted people out of poverty (Pingali 2012). Changes in plant height,
however, have been accompanied by changes in flag leaf physiology (Jobson et al. 2019;
Nenova et al. 2014) and root organic acid content. Continued breeding for nutrient
acquisition and yield should consider changes to root system function. Such
considerations would be advantageous in breeding plants for low-input systems or
breeding plants which require reduced or no additional inorganic fertilizer, such as the
early cultivars evaluated in this study. Increased nutrient acquisition potential would
benefit producers in developing nations who cannot afford synthetic fertilizers along with
producers in areas with high soil P-fixation. Inclusion of root chemical traits, such as
organic acid production, in breeding can advance sustainability in production systems and
contribute to the next Green Revolution.
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Table 3.1. Final panel of cultivars with justification for inclusion in the study. Distance
matrix scores presented in parentheses when applicable.
Cultivar

Justification

Goens

no known lineage

Red May

no known lineage

Blackhull

genetically similar (0.1729) to Nicoma with no shared lineage

Norin-10

dominant source of dwarfing genes in American wheat

Nicoma

genetically similar (0.1729) to Blackhull with no shared lineage

Baca

tall variety genetically similar to semi-dwarf Akron (0.1988) with no shared
lineage

Lindon

semi-dwarf variety genetically similar to Prowers (0.1733) with no shared
lineage

Akron

parent of Ankor (0.0369), semi-dwarf relative of Baca (0.1988)

Prowers

tall variety genetically similar to semi-dwarf Lindon (0.1733) with no shared
lineage

Ankor

offspring of Akron (0.0369)
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Figure 3.1. Organic acid profiles for wild type (n=30 per experiment) and semi-dwarf
cultivars (n=20 per experiment) grown with and without P.
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Figure 3.2. Differences in oxalic acid, malic acid, and citric acid content of root tips
(mmol g-1 dry root mass) between wild type (n=30 per experiment) and semi-dwarf wheat
cultivars (n=20 per experiment) grown with and without adequate P. Boxes for each
organic acid type not sharing the same uppercase (with P) or lowercase (without P) letter
are significantly different (p < 0.05).
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Figure 3.3. Root biomass, shoot biomass, and root to shoot ratio of wild type (n=30 per
experiment) and semi-dwarf wheat cultivars (n=20 per experiment) grown with and
without P conditions. Boxes for each organic acid type not sharing the same uppercase
(with P) or lowercase (without P) letter are significantly different (p < 0.05).

62

Figure 3.4. Selected images of wild type (Goens and Prowers) and semi-dwarf (Norin-10
and Akron) roots grown with and without P. Inset image show close ups of root tips. Bar
= 1 cm.
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CHAPTER 4: BREEDING ERA INFLUENCES ROOT SYSTEM ARCHITECTURAL
RESPONSE TO PHOSPHORUS DEFICIENCY OF WHEAT
This chapter was published as: McGrail, R.K. and McNear, D.H., Jr. Two centuries of
breeding has altered root system architecture of winter wheat. Rhizosphere 2021, 19,
100411. https://doi.org/10.1016/j.rhisph.2021.100411
4.1 Abstract
Crop selection and breeding has influenced plant phenotypes and genotypes. The
necessary selection and breeding steps which resulted in today’s cultivated plants have
greatly reduced plant genetic diversity. Genetic bottlenecks in plant populations are
thought to be a direct result of modern breeding programs. This study used a custom root
phenotyping platform to characterize root system architecture (RSA) parameters in a
diverse panel of winter wheat released between 1808 and 2002. Cultivars were grown in
P-deficient phytagel and images captured through 360° using light tomography. RSA
parameters were measured using GiA Roots software. Network length, width, surface
area, and volume differed between old cultivars and both intermediate and modern
cultivars. RSA did not vary between intermediate and modern cultivars. Growth rates of
old cultivars were two times greater than both intermediate and modern cultivars
regardless of dwarfing status. These results support the idea that plant breeding has had
unintended effects on winter wheat root systems. The reduction of root system size and
growth rates with increased year of release may have important implications for further
breeding work related to nutrient use, drought tolerance, and C-sequestration. The faster
root growth of older cultivars may also provide a breeding target for developing plants
that establish and respond to stress faster, potentially improving crop resilience.
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4.2 Introduction
Humans have directly influenced wheat phenotypes via selection and breeding
beginning with the domestication of wheat’s progenitor wild emmer (Triticum
dicoccoides) nearly 10,000 years ago (Charmet 2011). While this event was necessary for
the evolution of both tetraploid durum wheat (T. durum) and hexaploid bread wheat (T.
aestivum), wild emmer’s domestication and further breeding of modern wheat decreased
genetic diversity in both modern wheat species (Peng et al. 2011). Two major milestones
constitute domestication syndrome in wheat from wild emmer: the development of nonshattering seed and increased grain size (Jaradat 2013). Reduced spikelet shattering
allowed seeds to be harvested by directly threshing the entire head, which reduced yield
losses (Peleg et al. 2011). Later glume reduction also contributed to easier threshing
(Peleg et al. 2011) and to rapid germination of seeds (Harlan et al. 1973). Increased grain
size is associated with successful germination and seedling growth (Harlan et al. 1973;
Jaradat 2013). It is estimated that domestication of wild emmer directly reduced diversity
in durum wheat and hexaploid wheat by 84% and 69% respectively (Jaradat 2013).
In addition to a reduction in genetic diversity through domestication, genetic diversity
has been reduced further through a decrease in phenotypic diversity and genetic
bottlenecking, both of which are hypothesized to be the result of modern breeding
programs (Peng et al. 2011). Jaradat (2013) estimates that up to 75% of genetic diversity
in crop plants, including wheat, was lost in the last century based on the research of
Hammer et al. (1996) and Witcombe et al. (1996). This loss can be attributed to two
factors: (1) the replacement of many locally adapted landraces and early cultivars in favor
of high performing cultivars bred for specific agronomic conditions and traits and (2)
genetic bottlenecking in material used in breeding. One such example is the adoption of
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semi-dwarf wheat, which contributed to genetic erosion in both ways. Seventy percent of
all winter wheat cultivars grown today have a semi-dwarf phenotype (Evans 1998).
Further the introduction of dwarfing genes, primarily Rht-B1b and Rht-D1b, in American
wheat is derived from the early crosses of Norin-10 and adapted varieties from
Washington State, such as Norin-10—Brevor-14 (Gale and Law 1977). One of the
resulting crosses, known as Gaines, was used to introduce semi-dwarfism in CIMMYTderived lines by Borlaug (Gale and Law 1977). Further, differing wheat market classes
correspond with differences in reduced height gene frequency. Rht-B1b is the
predominant source of dwarfing hard winter wheat with 70% of lines carrying this gene
(Guedira et al. 2010). Soft winter wheat lines derive reduced height almost equally from
both B1b (28%) and D1b (45%) (Guedira et al. 2010). The proliferation of semidwarfism in the American wheat population, tracing primarily to one cultivar and
typically to one gene by market class, decreased genetic diversity. Additionally, semidwarf cultivars of wheat yielded better than locally adapted cultivars and landraces
because semi-dwarf cultivars do not lodge in response to inorganic fertilizers and often
exhibit increased tillering (Reitz and Salmon 1968). This benefit greatly maximized yield
from a single plot and quickly led to their adoption. For example, the semi-dwarf
cultivars Sonora 64 and Lerma Roja 64, developed by Borlaug doubled Mexican wheat
yields in seven years (Lumpkin 2015).
Until recently selection pressures applied in domestication and breeding were thought
to impact vegetative growth and reproductive structures similarly in many crop plants
(Roucou et al. 2018). For example, selection pressures on many crop plants have resulted
in non-shattering seed, more determinate growth, increasing number of seeds set,
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increased seed size, reduction in sterile flowers, reduction in glumes and other structures,
a reduction or complete loss of germination inhibitors, and an increase in inflorescence
size and/or number (Harlan et al. 1973). While it was believed that only a few genes were
involved in domestication syndrome, numerous authors have suggested domestication
syndrome has altered whole plant functioning in a variety of plant species and resulted in
changes to a larger portion of the genome than previously believed (Roucou et al. 2018).
Roucou et al. (2018) postulate that traits manipulated through artificial selection may
correlate with unintentional changes in other plant traits. For example, genes controlling
wheat coleoptile length, seedling emergence, peduncle length, and spike length colocalize with Rht-B1b and Rht-D1b (Elbudony 2017). Selection of decreased stem height
through the introduction of semi-dwarfism in wheat has corresponded to numerous
unintentional changes (Table 4.1) all of which impact whole plant functioning. A major
area of whole plant functioning that is not often evaluated is changes in root system
architecture and function due to the difficulty in observing and characterizing roots in
situ. Lynch (2007) conjectured that root traits related to nutrient acquisition, such as
length or number of roots, may have been subjected to neutral or negative selection
during breeding due to the high-input conditions in breeding trials. Providing sufficient
nutrients and water in breeding trials could mask changes in root performance. For
example, two of the first semi-dwarf wheat cultivars grown in the United States, Gaines
and Nugaines, were reported to perform poorly outside of Washington State and irrigated
conditions (Lupton et al. 1974). Several studies have reported that semi-dwarf varieties of
wheat do not exhibit decreased root length compared to wild type varieties (Cholick et al.
1977; Holbrook 1973; Wojciechowski et al. 2009). However, the Green Revolution also
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included changes to many agricultural practices, such as increased inorganic fertilizer
use, that could correlate with changes in RSA.
This study addresses this knowledge gap by characterizing root system architectural
parameters of a diverse panel of winter wheat, released between 1808 and 2002, with an
emphasis on comparing changes in RSA between the varieties when grown under
phosphorus limited conditions. We chose to screen under low P conditions because we
predicted that breeding and selection in high–input production systems resulted in
negative selection for root traits conducive for P acquisition that would otherwise be
masked if grown in adequate P conditions. This information may be useful for breeding
cultivars suited for low-fertility soils and overall improvement in nutrient use efficiency.
We hypothesized that root system size would decrease and overall root number would
decrease with increasing age classification in conjunction with the wide adoption of
inorganic fertilizer. We further hypothesized that semi-dwarf root systems, regardless of
age classification, would be smaller than that of wild type plants due to a reduction in
aboveground biomass.

4.3 Materials and Methods
4.3.1 Plant Selection
Ten winter wheat cultivars were selected from a preliminary panel of twenty-two
cultivars that were part of a mapping panel of winter wheat grown in the Eastern and
Central United States (Guedira et al. 2010). The twenty-two cultivars were selected by
decade and dwarfing allele (none, Rht-B1b, or Rht-D1b). This panel was reduced through
a distance matrix constructed with DNA and ancestry reported by the USDA Germplasm
Resources Information Network (https://www.ars-grin.gov/; verified 7/1/20). For the
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purposes of this study, the cultivars were classified as old (prior to 1940), intermediate
(1970-1989), or modern based on year of release (1990-2002) (Table 4.2).

4.3.2 Media Preparation
Prior to autoclaving, 2.5 L media bottles were filled to three-quarters volume with
ultrapure double deionized (DDI) water (Barnstead International, Dubuque, Iowa) and all
reagents, with the exception of phytagel, were added to each bottle as follows: halfstrength Hoagland’s No. 2 nutrient solution without ammonium phosphate (0.7561 g L-1,
Caisson Labs; Smithfield, UT), 0.01% m/v Micropur (Katadyn Products Inc., Rocklin,
CA), and 0.01% m/v MES buffer. Micropur was added as an antimicrobial agent to
prevent the establishment of microbial communities introduced during plant growth.
MES buffer was added to aid in pH regulation. A stir bar was added to each bottle, and
the media solution was mixed on a stir plate at 600 rpm to until the reagents dissolved.
The pH was adjusted to pH=6 using 1 M potassium hydroxide and 1 M hydrochloric acid
as needed. After pH adjustment, phytagel powder (Sigma-Aldrich, St. Louis, MO) was
added at 0.6% m/v. The gel strength was selected following the recommendations made
in Yan et al. (2017) and Finch et al. (2017) in addition to preliminary method
development. The media solution was agitated on a stir plate at 600 rpm for several
minutes to fully hydrate the phytagel powder. The stir bar was removed, the bottles filled
to a final volume of 1 L with ultrapure DDI water and autoclaved for 20 minutes at 121
°C.
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4.3.3 Seed Preparation
Two days prior to planting, five seeds of each cultivar (n=10) were surface sterilized
in batches using 20 μL of Tween-20 and 40 mL of 3% sodium hypochlorite in sterile
ultrapure DDI water. Seeds were agitated in the sterilization solution with a stir bar for
five minutes at 60 rpm. Seeds were then rinsed five times with 20 mL aliquots of sterile
DDI water and then transferred to a 50 mL conical centrifuge tube containing a fresh
aliquot of sterile ultrapure DDI water and stored at 4 °C for 24 hours. After 24 hours, the
seeds were rinsed with a fresh aliquot of sterile ultrapure DDI water and returned to cold
storage for an additional 24 hours.

4.3.4 Growth Cylinder Preparation
One day before the media was prepared, custom made 15 cm diameter, 56 cm tall
acrylic cylinders (Figure 4.1A; Acme Plastics, Woodland Park, NJ) with a circular acrylic
base were sterilized by first completely filling them with a 6% sodium hypochlorite
solution and then placing them under UV light overnight in a laminar flow hood.
Approximately four hours before the media was poured, the cylinders were emptied and
rinsed three times with DI water. Cylinders were returned to the laminar flow hood and
exposed to UV light until media was ready. A volume of 3.5 L of media was added to
each cylinder by holding the cylinder at ∼45° angle and pouring the media down the
cylinder side to reduce foaming. Cylinders were then cooled in the laminar flow hood,
where they remained under UV light until planting.
Prior to planting, seeds were rinsed with an aliquot of sterile ultrapure DDI water, the
seed coat was removed from each seed with sterile forceps, and the seed was then
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inserted approximately one-third of its length into the gel. Remaining seeds of each
cultivar were placed on moistened cotton balls to assess germination rates and to identify
any errors with the sterilization procedure or gel preparation. The surface of the gel
around the seed was covered with autoclaved 2-3 mm black polypropylene beads to
prevent light penetration and chloroplast development in roots at the gel surface which
was observed in preliminary method development and described by Powell (1925).
The open tops of the cylinders were covered with aluminum foil that was sterilized
with reagent alcohol and secured to the cylinder with a rubber band. Micropore tape (3M,
St. Paul, MN) was then used to completely secure the foil to the cylinder. The foil was
pierced repeatedly with pipette tips to allow for gas exchange and resulting holes covered
with Micropore tape to prevent dust and fine particulates from entering the cylinder. A
small X was cut into the foil with a razor blade when the plant reached the foil at which
point the leaves were gently pulled through the opening. The outside of the cylinder was
wrapped in a blue, light-blocking felt from the bottom to the gel surface which, together
with the black beads, inhibit light penetration into the root zone. Cylinders were placed
randomly under cool white fluorescent light (100 µmol m-2 s-1; 16 hr light/8 hr dark) in a
growth tent (30 °C; 75% humidity; Figure 4.1B-C).

4.3.5 Image Collection and Analysis
Cylinders were imaged following the protocol established by Clark et al. (2011) with
modifications. Briefly, a custom aluminum frame (Figure 4.2E-F; 80/20 Inc., Columbia
City, IN) was built to suspend a square (42 cm x 42 cm x 42 cm) acrylic tank
(ShopPOPDisplays, Woodland Park, NJ) 2 cm over a rotary turntable (Ortery, Irvine,
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CA) centered under the tank. The top turntable plate was replaced with a circular acrylic
plate into which 8 neodymium magnets (K&J Magnetics, Inc., Pipersville, PA; Figure
4.2A) were embedded and evenly spaced around its outer circumference. The interior
growth cylinder support was made from two pieces of acrylic in which one side had
routed holes to receive neodymium magnets (2.5 cm x 0.16 cm, 5233 Gauss) like those
used for the turntable disc. A small channel was routed around each magnet to receive a
rubber O-ring (2.4 cm outer diameter, 1.9 cm inner diameter, 0.24 cm thickness) to
prevent water intrusion and the two pieces of acrylic then screwed together using
stainless steel screws. Eight 13 mm cavities were drilled into the bottom of the growth
cylinder support in order to receive 12.7 mm ZrO2 ceramic ball bearings (VXB Bearings,
Anaheim, CA; Figure 4.2B). An acrylic ring with similarly distanced holes but 12 mm
size was created as a race to secure the bearings in place (Figure 4.2C). The interior
cylinder support interfaced with the turntable plate through the tank wall via the magnets.
In order to ensure the interior turntable stayed centered during rotation the ceramic
bearings in the interior cylinder support rode on a bearing race created by adhering two
concentric hoops of 0.64 cm acrylic to the interior bottom of the acrylic tank.
Cylinders were centered on the interior turntable with a centering pin that inserted
into the base of the cylinder and adhered to the interior turntable with magnets (2.5 cm x
0.16 cm, 819 Gauss; K&J Magnetics) embedded in the base of the growth cylinders to
prevent them from floating (Figure 4.2D). After attaching the cylinder to the interior
stage, the tank was then filled with water which serves as a lens to remove the curvature
of the cylinders during imaging. The tank was backlit using an 18”x 24” LED light box
(Gagne Porta-Trace, Johnson City, NY) for image collection to produce a skeletonized
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image of the roots in the media. Ortery’s Photocapture 360 software (Irvine, CA) was
used to control both the exterior rotary turntable and camera (Canon EOS Rebel T71,
Tokyo, Japan) to collect an image every 10° for a total of 36 images in 360°. A scale
cylinder with markings every 1 cm was filled with water and imaged every time the
camera was mounted or adjusted. Images were analyzed using GiA Roots software
following the methods described by Galkovskyi et al. (2012). Seminal root angle was
measured using ImageJ software (Rueden et al. 2017) following the procedure of Hohn
and Bektas (2020). Root angle was determined by measuring the angle formed at the
intersection of lines drawn back from the tip of the first seminal root and the tip of the
third seminal root.

2.6 Statistical Analysis
Proc GLM in SAS 9.4 (Statistical Analysis Systems Institute, Cary, NC) was used to
assess significance (P < 0.05) of age classification, dwarfing status, and cultivar nested
within dwarfing status on seminal root angle. Repeated measures analysis was performed
on all other RSA parameters in R Studio (RStudio, Boston, MA). A linear mixed model
fit by restricted maximum likelihood was used, and parameters were optimized using the
Nelder-Mead method. Fixed effects were days after germination, cultivar age, and days
after germination by age interaction. The random effect was cultivar. Data for network
width was not transformed. All other data was normalized by either a logarithmic
transformation (maximum number of roots) or square root transformation (network
volume, network length, network surface area). Based on the analysis of deviance, the
decision was made to compare RSA parameters and growth rates by cultivar age at 5, 10,
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and 15 days after germination using Tukey’s HSD. These time points were selected as
image collection began five days after germination and all cultivars had data for 15 days
after germination. All analyses were conducted at 95% confidence.

4.4 Results
Seminal root angle did not differ by cultivar age classification (p=0.3507), dwarfing
status (p=0.9276), nor cultivar (p = 0.9276). While not significant, the numerical
difference in root angle between both old (47° ± 7°) and intermediate (49° ± 12°)
cultivars compared to modern (33° ± 4°) cultivars suggest possible changes in rooting
angle (Table 4.3) with cultivar age class. The introduction of dwarfism had no influence
on seminal root angle (wild type root angle of 45° ± 7° vs. semi-dwarf root angle of 47 °
± 9°).
None of the root system architecture parameters were significantly affected by
cultivar age classification (Table 4.4). However, days after germination and the
interaction of cultivar age classification and days after germination were significant for
all RSA parameters evaluated, with the exception of cultivar age classification by days
after germination interaction for maximum root number. Differences in RSA between the
cultivar age classifications at day 5, 10, and 15 after germination are shown in Table 4.5.
Few cultivars had reliable growth data beyond 15 days after germination preventing
comparisons at later time points. There were no differences in any RSA parameters
between age classifications on day 5 after germination, however, at 10 and 15 days after
germination there were significant differences between the old and intermediate cultivars
and old and modern cultivars for all RSA parameters evaluated. Intermediate and modern
cultivars were equivalent for all RSA parameters analyzed on both10 and 15 days after
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germination. Network length of old cultivars was 1.6 and 1.8 times greater than
intermediate cultivars on days 10 and 15 after germination and 1.5 and 1.6 times greater
than modern cultivars on days 10 and 15 after germination. Network width of old
cultivars was 1.6 and 1.2 times greater than intermediate cultivars on days 10 and 15 after
germination, respectively, and 1.3 and 1.6 times greater than modern cultivars on days 10
and 15 after germination, respectively. The average growth rate for network width
appears to decrease for old and intermediate varieties at 15 days (Figure 4.4B). However,
cultivars in these age classes had a tendency to grow to the edge of the container and
cause the agar to pull away from the edge causing the gel to slightly desiccate and for
GiA Roots to underestimate the width of the root system. Network surface area of old
cultivars was 1.7 and 1.9 times greater than intermediate cultivars on days 10 and 15 after
germination, respectively, and 1.5 and 1.6 times greater than modern cultivars on days 10
and 15 after germination, respectively. The network volume of old cultivars was 1.7 and
1.9 times greater than intermediate cultivars on days 10 and 15 after germination and 1.6
and 1.7 times greater than modern cultivars on days 10 and 15 after germination. These
differences in RSA are also attributable to differences in root number. On average old
cultivars had 14 more roots than both intermediate and modern cultivars ten days after
germination and 16 more roots than both intermediate and modern cultivars fifteen days
after germination. Differences in RSA with age classification in both wild types and
semi-dwarfs are shown in Figure 4.3.
Estimated trends of parameter change, which is synonymous with growth rate, were
computed for the model using the cultivar age classification (Table 4.6). The estimated
trends in parameter change over time support the differences found with contrasts
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between cultivar age classifications. For example, maximum root number did not differ
with cultivar age, and the growth rate in maximum root number was similar among age
classifications (old=0.166, intermediate=0.135, and modern=0.137). Among the other
parameters, the growth rates were similar for intermediate and modern cultivar. The old
cultivar growth rate was approximately twice that of the intermediate and modern
cultivars for each RSA parameter evaluated (Figure 4.4A-D). The production of roots did
not occur at different rates in the three age classes (Figure 4.4E).

4.5 Discussion
We hypothesized that dwarfing status would influence root system architecture under
phosphorus stress. However, dwarfing status (semi-dwarf v. wild type) did not correlate
with differences in RSA in this study. Following the release of the first American semidwarf wheat cultivar (Gaines) and subsequent semi-dwarf cultivars, researchers found
that they only proved superior to wild types under irrigation or in regions of high rainfall
(Briggle and Vogel 1968). As such, most studies on the effect of semi-dwarfing on plant
performance focused on root length and its role in water acquisition. No significant
differences in total root length were found between wild type and semi-dwarf wheat
varieties under varying soil exchangeable P concentrations in the field (Lupton et al.
1974), under dryland conditions (Cholick et al. 1977; Holbrook 1973; Holbrook and
Welsh 1980), and isogenic semi-dwarf lines under optimal field conditions (Miralles et
al. 1997). However, under well-watered conditions, Friedli et al. (2019) found that wild
type cultivars rooted deeper than semi-dwarf cultivars, but with water stress both wild
type and semi-dwarf cultivars rooted to equal depths (Friedli et al. 2019). Studies which
measured the lateral distribution of roots with depth found that semi-dwarf varieties had
76

greater lateral distribution at shallow depths (Lupton et al. 1974; Subbiah et al. 1968),
suggesting that root placement rather than total root length was impacted with dwarfism.
Narayanan and Prasad (2014) concluded that only differences in root biomass correlate
with plant height. These contradicting conclusions on the impacts of semi-dwarfism on
RSA are generally attributed to the variance of root growth with genetic background,
growing conditions of the experiment, and plant developmental stage at analysis (Bush
and Evans 1988; Manske et al. 2002).
Notable in all of these studies, with the exception of Friedli’s et al. (2019), is that year
of release was not considered to be an explanatory factor. While Friedli et al. (2019)
assessed differences over time, all of the cultivars with early years of release were wild
types and all cultivars after 1969 were semi-dwarfs. Because year of release was not
considered, it might be assumed that differences in RSA were driven by the selection of
the short shoot phenotype, especially as more than 70% of wheat cultivated today has a
semi-dwarf genotype (Guedira et al. 2010). However, the wheat panel evaluated in this
study included wild type cultivars in both the intermediate and modern age classes as
well as a semi-dwarf in the old cultivar age classification. In so doing, we found that year
of release rather than dwarfing status was the factor explaining differences in RSA,
particularly overall root number and network length, width, surface area, and volume. We
hypothesized that root system size and overall root number would decrease with
increasing year of release, which was supported by our data and a contemporary study
(Fradgley et al. 2020). The complexity of root systems has also been reported to decrease
with year of release in which modern cultivars are less branched and exhibit less lateral
growth (Zhu et al. 2019). The finding of decreased root length with year of release in this
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study is consistent with studies that have compared landraces with modern cultivars
(Boudiar et al. 2020) as well as modern cultivars from varying years of release (FigueroaBustos et al. 2018; Qin et al. 2019). The wheat panel used by Friedli et al. (2019)
accounted for 100 years of breeding for which it was found that under well-watered
conditions, root length decreased with year of release. This trend, however, did not hold
under water-stressed conditions suggesting that the carbon cost associated with root
growth was supported by acquiring water deeper in the profile. In this study, the Pstressed conditions resulted in less root growth in intermediate and modern cultivars,
likely because P-needs were not met with increased growth. Plant response to Plimitation carries a carbon cost, and the response must result in increased P. For example,
organic acid exudation can carry high carbon costs for a short-term supply of P, but the
formation of root hairs can greatly increase P uptake with lesser carbon cost (Lynch and
Ho 2005).
Many studies focus on root biomass rather than a direct measurement of RSA because
biomass can be measured in field grown plants with careful excavation, whereas accurate
measurement of the three-dimensional root system of field-grown plants is not yet
possible. While root biomass is not directly equivalent to root surface area or volume, it
could be assumed that a more extensive root system would have greater biomass as well
as an increased surface area and volume. Studies have found differences in total root
biomass between Turkish landraces and modern cultivars (Bektas et al. 2016), old and
modern Mediterranean wheat (Siddique et al. 1990), old and modern American wheat
(Mac Key et al. 1980), drought tolerant landraces and CIMMYT-derived wheat (Waines
and Ehdaie 2007), and drought tolerant landraces and modern American wheat (Bektas et
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al. 2016). The finding of greater biomass in landraces or older cultivars compared to
modern and intermediate cultivars is consistent with the findings of increased length,
width, surface area, and network volume in this study. Differences in root biomass are
also reported with depth with modern cultivars exhibiting greater biomass (Qin et al.
2019) or greater lateral root distribution (Lupton et al. 1974; Subbiah et al. 1968) at
shallower depths. While we did not measure root biomass, these are consistent with the
findings of intermediate and modern cultivars growing principally in the upper portion of
the cylinder and less root investment with depth (Figure 4.3). Shallower foraging is an
observed adaptation to P deficiency in common bean (Lynch and Brown 2001), but may
not increase competitiveness under uniformly high or low P status (Rubio et al. 2003).
Rather, the response to heterogenous soil conditions, including P availability, creates the
best adapted root system for foraging (Morris et al. 2017).
We found that the growth rate for the parameters measured in this study differed
between old cultivars and intermediate and moderate cultivars. Growth rates have been
difficult to measure as repeated root visualization or sampling is needed. Oversampling
the same plant with cores in the field would damage the root system and prevent growth.
Less invasive methods such as the use of minirhizotrons and viewing panels could allow
for the determination of growth rates, but these methods do not capture the entire root
system like the tomography method used in this experiment. In field grown conditions
with coring, Siddique et al. (1990) found that a modern wheat cultivar had almost two
times greater rate of root penetration up to 34 days after sowing compared to an old
wheat cultivar. There was no difference in growth rate 34 days after sowing in the
topsoil, however, the two-fold difference held in the subsoil, likely driven by water
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demand (Siddique et al. 1990). The findings of Siddique et al. (1990) under wellfertilized field conditions were directly opposite of this study in which the old cultivars
grew approximately two times faster than modern cultivars. This difference could be
related to how roots respond to water stress compared to an immobile nutrient like P.
Some report that early plant root growth under controlled laboratory or greenhouse
conditions does not always correspond with results for mature plants under field
conditions (Rich et al. 2020; Watt et al. 2013). However, differences in growth rates and
in root system size in early growth stages could be important for P uptake. Substantial
research on the influence of P stress on early plant growth shows that early P limitations
can result in unrecoverable growth even once P supply returned to adequate levels
because the greatest P tissue concentrations are required at early growth stages (Grant et
al. 2001). Work in solution culture finds that sufficient P supplied up to the first node
stage in wheat resulted in both root and shoot maximum dry matter accumulation at
physiological maturity with some additional P taken up after this stage to ensure
maximum grain yield (Sutton et al. 1983). Soil-based work by Römer and Schilling
(1986) found that maximum wheat root biomass accumulation occurred at only 35%
shoot biomass production and that 50-60% of P was taken up at 20-35% of shoot biomass
accumulation. P uptake is principally through diffusion, and plants under P stress increase
root system size by developing branched root systems with numerous root hairs (Barber
1977). Increases in P acquisition in early growth, whether through root hair formation or
exudates, will permit greater shoot and root growth and, ultimately, greater P acquisition
(Lynch and Ho 2005). Therefore, the increased growth rate and root system size in the
old cultivars compared to intermediate and moderate cultivars in this study suggests that
80

older cultivars would be better equipped to obtain P to meet later growth needs. While
intermediate and modern cultivars may reach similar root sizes later in the growing
season, as was observed by Watt et al. (2013) and Rich et al. (2020), it is unlikely the
plant would recover to maximize grain yield.
The overall findings of reduced root length and root biomass with year of release in
the studies previously discussed and the decreased root length, width, surface area, and
volume found in this study support Peng et al.’s (2011) hypothesis that modern breeding
programs have resulted in a loss of phenotypic diversity and genetic bottlenecking.
Landraces evolved and old cultivars were adapted to local environments. For example,
landraces from different regions within the Mediterranean basin have differing root
length, surface area, and volume in response to differences in temperature and rainfall
(Roselló et al. 2019). Such adaptations within modern wheat could have been identified
in wheat’s ancient ancestors. Durum wheat landraces often have deep rooting phenotypes
whereas wild einkorn wheat has a shallow-rooting strategy that was competitive with
natural vegetation (Nakhforoosh et al. 2021). Wild relatives, landraces, and old cultivars
adapted to environments without irrigation and the application of inorganic fertilizers,
pesticides, and herbicides which have become commonplace in breeding programs and
numerous production systems. The use of inorganic fertilizers reduces variation in soil
nutrient resource availability permitting breeders to observe phenotypic potential and
make selections for a desired shoot trait. Similarly, the use of herbicides and pesticides in
breeding plots suppresses insects and pathogens pressures that could negatively affect
breeder selection. However, it appears that these practices have resulted in unintended
changes to root system architecture and therefore whole plant functioning, supporting the
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hypothesis of Roucou et al. (2018) who theorized that traits manipulated through artificial
selection may correlate with unintentional changes in other plant traits.
From this study we postulate that the consistent use of inorganic fertilizers, in which
nutrients are supplied in amounts equal to or exceeding plant demand, in breeding trials
focused on reduced plant height and high yield has corresponded with a reduced need for
the plant to establish a root system capable of acquiring these nutrients from the soil.
Inorganic fertilizers create a zone of high nutrient availability near the soil surface.
Therefore, plants would not need to invest resources in developing an extensive, complex
root system by which to intercept nutrients at varying depths. As cultivars released during
and after the Green Revolution were developed and bred under high fertility conditions,
the shallow extensive root system is likely the result of breeding and is the ideal root
phenotype for those cultivars. Under ideal conditions, older cultivars with a deep rooting
phenotype would exhibit deep rooting whereas modern cultivars would exhibit the
shallow root phenotype consistent with high fertility. Such a response was observed by
Friedli et al. (2019) and Siddique et al. (1990) in response to water availability. It has
been suggested that root systems of modern wheat cultivars are too small to sufficiently
acquire enough water and nutrients for optimum yield (Waines and Ehdaie 2007).
Differences in root phenotype could be utilized in breeding to develop cultivars which
do not rely solely on inorganic fertilizer. Continued breeding and cultivar testing in high
input conditions removes constraints that would reveal root plasticity and selection of
cultivars with ideal responses (Schneider and Lynch 2020). Studies have found that there
is enough variation in root traits to support breeding efforts (Lynch 2007). There is not a
one size fits all phenotype that can be considered ideal for every growing condition.
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Instead, breeders should approach root breeding goals by defining the need for the target
environment. The root system that would be ideal for P acquisition is not the same as the
ideal root system for nitrate acquisition. Phosphorus is immobile compared to many
nutrients. Therefore, a root system with a large surface area and volume would be
advantageous for P acquisition as it increases the region of soil from which nutrients can
be drawn. Additionally, breeders should couple physical form with function. Roots must
be able to acquire the nutrients once they are intercepted. For example, in highly
weathered soils, organic anions such as oxalate or citrate are important for liberating P
from iron and aluminum oxide minerals, increasing its plant availability. Including root
functional traits with RSA will aid in breeding the root system most capable of
responding to the environment to meet plant needs (York 2018). Lastly, breeders should
select suitable genetic material naturally adapted to the target environment for potential
sources of root traits, preferably old cultivars (pre-Green Revolution). Locally adapted
landraces which have greater genetic diversity compared to cultivars could be used in
crosses to increase root phenotypic diversity (Roselló et al. 2019). However, this may
require additional time and selections if a variety of traits are introduced that are not
consistent with disease or pest resistance in modern wheat cultivars.
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Table 4.1. Physiological changes to wheat accompanying Rht-B1b and Rht-D1b semidwarfism.
Physiological Change

Citation

Plant Growth
linkage to photoperiod insensitivity

Berry et al., 2015

limited expression of hybrid vigor

Keyes and Sorrells, 1989

Leaf Characteristics
decreased leaf cell number

Keyes et al., 1989

decreased leaf cell length

Keyes et al., 1989

decreased leaf cell width

Keyes et al., 1989

decreased flag leaf length

Jobson et al., 2019

decreased flag leaf width

Jobson et al., 2019

increased leaf thickness

Nenova et al., 2014

decreased leaf blade area

McCaig and Morgan, 1993

increased stomatal density

Nenova et al., 2014

increased stomatal frequencies of early leaves

McCaig and Morgan, 1993

decreased flag leaf photosynthetic rate

Jobson et al., 2019

decreased flag leaf evapotranspiration

Jobson et al., 2019

decreased flag leaf stomatal conductance at anthesis

Jobson et al., 2019

greater radiation use efficiency from anthesis to maturity

Miralles and Slafer, 1997

Grain Characteristics
increased grain yield through increased grain number per ear with
Borrell et al., 1991
Rht-B1b
increased grain yield through increased ear number with Rht-D1b Borrell et al., 1991
greater allocation of assimilate to developing ear compared to stem Borrell et al., 1991
Root Characteristics
root:shoot ratios negatively correlated with plant height

McCaig and Morgan, 1993

lack of relationship between root dry mass and stem length

McCaig and Morgan, 1993
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Table 4.2. Final panel of cultivars with age classification, the year of release, dwarfing
status, and justification for inclusion in the study. Distance matrix scores presented in
parentheses when applicable.
Cultivar

Age Classification
(Year of Release)

Dwarfing Status Justification

Goens

old (1808)

wild type

no known lineage

Red May

old (1830)

wild type

no known lineage

Blackhull old (1917)

wild type

genetically similar (0.1729) to Nicoma with no shared
lineage

Norin-10

old (1935)

semi-dwarf

dominant source of dwarfing genes in American wheat

Nicoma

intermediate (1971)

wild type

similar (0.1729) to Blackhull with no shared lineage

Baca

intermediate (1973)

wild type

similar to semi-dwarf Akron (0.1988) with no shared
lineage

Lindon

intermediate (1975)

semi-dwarf

similar to Prowers (0.1733) with no shared lineage

Akron

modern (1994)

semi-dwarf

parent of Ankor (0.0369), relative of Baca (0.1988)

Prowers

modern (1997)

wild type

similar to Lindon (0.1733) with no shared lineage

Ankor

modern (2002)

semi-dwarf

offspring of Akron (0.0369)
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Table 4.3. Average seminal root angle and standard error by cultivar within age
classification.
Old

Intermediate

Modern

Blackhull

26 ± 9

Baca

47 ± 19

Akron

32 ± 8

Goens

51 ± 9

Lindon

59 ± 30

Ankor

39 ± 9

Norin-10

44 ± 12

Nicoma

40 ± 20

Prowers

Red May

63 ± 18

Group Mean

47 ± 7

Group Mean

49 ± 12

Group Mean
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26 ± 0.9

33 ± 4

Table 4.4. Analysis of deviance for fixed effects (Type II Wald) of cultivar age classification, day, and cultivar by day interaction for
all root system architectural parameters. Significant effects are bolded.
Max. Root #

Length

Width

Surface Area

Volume

χ2

p

χ2

p

χ2

p

χ2

p

χ2

p

cultivar age

1.271

0.530

0.195

0.907

3.542

0.170

0.842

0.656

1.127

0.569

day

230.7

<2.00-16

126.9

<2.26-16

111.1

<2.26-16

140.0

<2.26-16

120.4

<2.26-16

cultivar age*day

2.284

0.319

14.548

0.001

18.466

0.0001

16.407

0.0003

15.347

0.0005
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Table 4.5. Average network parameter value ± standard error by cultivar age class at three time points. Root parameter values for each
age class not sharing the same upper-case letter within each sampling time point are significantly different (Tukey’s HSD, 𝛼𝛼 = 0.05).
Network length, surface area, and volume data are square root transformed. Maximum number of roots is log transformed.
Transformed data is reported.
Day 5

Day 10

Day 15

Old

Intermediate

New

Old

Intermediate

New

Old

Intermediate

New

Length

2.7 ± 0.3 A

2.89 ± 0.4 A

2.89 ± 0.4 A

9.50 ± 0.7 A

6.05 ± 0.9 B

6.57 ± 0.8 B

16.23 ± 1 A

9.21 ± 1 B

10.24 ± 1 B

Width

1.82 ± 0.3 A

1.84 ± 0.4 A

1.71 ± 0.4 A

6.19 ± 0.3 A

3.99 ± 0.4 B

4.63 ± 0.4 B

8.74 ± 0.5 A

5.63 ± 0.6 B

7.05 ± 0.6 AB

Surface
Area

0.78 ± 0.1 A

0.75 ± 0.1 A

0.78 ± 0.1 A

2.85 ± 0.2 A

1.69 ± 0.3 B

1.92 ± 0.2 B

4.9 ± 0.4 A

2.63 ± 0.5 B

3.07 ± 0.4 B

0.28 ± 0.02A

0.16 ± 0.03 B

0.18 ± 0.02 B

0.50 ± 0.04 A

0.26 ± 0.05 B

0.30 ± 0.04 B

2.18 ± 0.1 A

1.91 ± 0.2 A

1.90 ± 0.1 A

3.01 ± 0.2 A

2.59 ± 0.2 B

2.59 ± 0.2 B

Volume 0.065 ± 0.01 A 0.068 ± 0.01 A 0.065 ± 0.01 A
Max.
Roots

1.35 ± 0.1 A

1.24 ± 0.1 A

1.22 ± 0.1 A
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Table 4.6. Linearized regression slope (Figure 4.4) ± standard error over time by cultivar
age classification for a select set of root parameters. Values for each root parameter
across age classes not sharing the same upper-case letter are significantly different
(Tukey’s HSD, � = 0.05). Network length, surface area, and volume data are square root
transformed, maximum number of roots is log transformed. Transformed data are
reported.
Root Parameter

Old

Intermediate

Modern

Maximum Root Number

0.166 ± 0.0150 A

0.135 ± 0.0200 A

0.137 ± 0.0176 A

Network Length (cm day-1)

1.347 ± 0.133 A

0.633 ± 0.170 B

0.734 ± 0.148 B

Network Width (cm day-1)

0.643 ± 0.043 A

0.365 ± 0.058 B

0.521 ± 0.052 B

Network Surface Area (cm2 day-1)

0.414 ± 0.0388 A

0.188 ± 0.0496 B

0.229 ± 0.0432 B

0.0437 ± 0.00436 A

0.0197 ± 0.00563 A

0.0229 ± 0.00490 A

Network Volume (cm3 day-1)
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Figure 4.1. (A) Wheat sown in gel cylinder with leaves pulled through the foil top. (B)
Cylinders in the growth tent after planting. (C) Cylinder in growth tent after germination.
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Figure 4.2. (A) Top of the custom-built interior turntable with centering pin. (B) Bottom
of custom-built interior turntable. (C) Bearing race on the interior tank above the exterior
Ortery turntable. (D) Interior of the imaging tank with the interior turntable in place and
interlocked cylinder. (E) Front view of the imaging platform with the LED backlight on.
(F) Side view of the imaging platform during an imaging session with camera in
foreground.
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Figure 4.3. Example thresholded root systems at 12 days after germination by age
classification (old, intermediate, and modern) by dwarfing status (wild type and semidwarf): (A) Goens, (B) Norin-10, (C) Nicoma, (D) Lindon, (E) Prowers, and (F) Akron.
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Figure 4.4. Change in network length (A), width (B), surface area (C), volume (D), and
maximum number of roots (E) of old (blue), intermediate (red), and modern (green)
cultivars over time. Best fits of the average parameter change for all cultivars of a given
age classification are displayed with the bold lines.
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CHAPTER 5: PREDICTING PHOSPHORUS EXTRACTION POTENTIAL USING SOIL
BIOGEOCHEMICAL VARIABLES AND PLANT BREEDING HISTORY

This chapter will be submitted for publication to Plant and Soil as: Breeding milestones
correspond with changes to wheat rhizosphere biogeochemistry that affect P acquisition
and use.
5.1 Abstract
Yield gaps can be decreased by improving nutrient balance, the difference in nutrient
inputs and nutrient outputs. In this study, we grew winter wheat under sufficient and
deficient soil P to evaluate the impact of plant breeding on P-acquisition and identify soil
variables that could be used to better inform selection of germplasm suitable for low P
conditions. A P extraction potential (PEP) was developed based on previous
characterization of the wheat panel for root system architectural characteristics and
organic acid content when grown in P-deficient conditions. This study confirmed that P
use efficiency (PUE) corresponds with these predefined PEP classes, in which old, wild
type cultivars had the greatest PUE. The greater PUE was likely the result of high organic
acid production to solubilize oxide bound-P. Wild type cultivars had increased root mass
and root Al, Fe, and Mg concentration compared to semi-dwarf cultivars. Soil
bicarbonate-extractable P, Mehlich III-Al, Mn, and K varied with cultivar age. Breeding
milestones correspond with changes to root architecture and function that impact P
acquisition and use.

5.2 Introduction
Yield gaps, in which crop yield potential is not achieved, result from numerous
factors including unfavorable weather conditions (temperature and moisture extremes),
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pests, disease, and nutrient deficiencies. It is estimated that solely improving nutrient
balances could close the yield gap in 73% of agricultural regions that report a yield gap
exceeding 25% (Mueller et al. 2012). Improving nutrient balances cannot be
accomplished solely through the increased use of fertilizers because fertilizer use
efficiencies for macronutrients are low — ≤50% for nitrogen, ≤ 10% for phosphorus, and
20-40% for potassium (Baligar and Bennett 1986). Estimates suggest that plant available
P is limited in 67% of agricultural soils (Batjes 1997). Therefore, improving P balances is
a major target for closing the yield gap.
Further compounding the closing of the yield gap through improving nutrient
balances with fertilizer is the low concentration of available P in soils. Soil inorganic P
concentration is quite low especially in regards to plant needs, usually in the range of 0.1
to 10 μM (Hinsinger 2001). A study of 135 soils of the United States found a modal soil
solution inorganic P concentration of 1.5 μM with a maximum observed concentration of
8 μM (Barber et al. 1963). In comparison, modal concentrations of K, Ca, and Mg were
90, 700, and 1,000 μM (Barber et al. 1963). While application of fertilizers can increase
soil P, fertilizers partition into differing soil pools with differing availabilities. Inorganic
P can be immobilized by microbes into organic P or adsorbed onto soil clays and colloids
into the occluded P pool. Up to half of all soil P may be organic (Vance et al. 2003) and
is, therefore, inaccessible to plants for uptake without transformation. Soil solution P will
be replenished from the various P pools as uptake occurs, and estimates suggest the soil
solution P pool is refreshed 500 times in a single growing season (Beegle and Durst
2002). The replenishment rate is usually not rapid enough to maintain adequate
availability in agroecosystems without the use of fertilizer, manure, or crop residues
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(Beegle and Durst 2002). For example, long term trials in India reported average wheat
yields of 994 kg ha-1 without fertilizer, but the use of fertilizer and a combination of
fertilizer and manure increased yield by a factor of 3.4 and 3.6 respectively. (Isherwood
2000). Therefore, fertilizer applications have been used to improve nutrient balances and
greatly increase yield beyond yields that would be obtained relying on soil reserves alone.
Finally, fertilizer use to improve nutrient balance and to meet crop P needs is volatile.
Currently, approximately 82% of all mined phosphatic rock, predominately from
Morocco, is used for fertilizer (Cordell and White 2014). Fertilizer prices are volatile and
can increase in response to increasing fuel prices, making them economically
unattainable for producers, especially producers in developing countries (Lynch 2007).
These mineral-based fertilizers are finite; Isherwood (2000) projected that reserves of
phosphate would be depleted within 200 years, assuming current consumption rates,
failure to locate new reserves, and current economic feasibility for extraction.
Yield gaps can be decreased worldwide through adaptation of germplasm for lowfertility soils and for low input conditions (Lynch 2007). Understanding the mechanisms
by which plants acquire P could allow for adaption of germplasm and improved nutrient
balancing. One target for adaptation is physical root system architecture. Diffusion, rather
than mass flow or root interception, is the primary mechanism by which plants obtain P
(Barber et al. 1963). Barber et al. (1963) found that for 125 bushel corn (Zea mays L.),
roots could only acquire 10% of needed P through root interception and 1% through mass
flow; the remaining 89% was met through diffusion. Plant uptake creates the formation of
depletion zones around roots, which further compounds P acquisition (Darrah 1993).
Nutrient depletion zones can result in a decline in nutrient flux per unit of root surface
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with time, which reduces uptake efficiency, if roots do not continue to grow (Darrah
1993). Continued root growth increases the amount of soil explored and, therefore,
increases the amount of P-containing soil solution with which the roots come into
contact. Because P uptake is proportional to root density plants can respond by increasing
the overall root number, by producing roots with smaller diameter, or by producing root
hairs to increase root surface area. Lateral roots require less carbon investment than the
primary roots and offer a mechanism through which to obtain P without greatly
increasing plant stress (Lynch and Ho 2005; Zhu et al. 2006). Differences in increased
lateral root growth has been observed in wheat (Triticum aestivum L.) genotypes (Sun et
al. 2002), suggesting this trait could be used to adapt germplasm for low fertility
conditions. Further, genetic variance in seminal root traits and yield under P-deficiency
has been observed for a barley (Hordeum vulgare L.) breeding panel in which seminal
root angle showed the greatest correlation with yield (Robinson et al. 2018). Because
seminal root angle of seedlings is closely related to root system size of mature plants
(Manschadi et al. 2008), the higher yielding barley lines likely have a larger root system.
Root hairs can be exceedingly important for improving P uptake with minimal additional
carbon costs (Lynch and Ho 2005). Root hairs contributed up to 63% of total P uptake in
rye (Secale cereale L. cv. Petkus II) (Gahoonia and Nielsen 1998). Barley cultivars with
root hairs increase P-uptake two fold compared to cultivars without root hairs (Gahoonia
et al. 2001), and barley cultivars with long root hairs sustained yield under low P
conditions (Gahoonia and Nielsen 2004a). While mycorrhizal associations can greatly
increase P uptake under low soil P through increased exploration (Lynch and Ho 2005),
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this adaptation can be greatly increase metabolic costs and could be parasitic under high
soil P (Ryan and Graham 2002).
A second, promising target is biogeochemical response to P-deficiency. Plants can
exude a variety of compounds to increase P availability, including enzymes, organic
acids, and protons. Differences in organic acid or proton production have been reported
between crop species (Sinclair and Vadez 2002) and among genotypes of a species (Dong
et al. 2004; Iannucci et al. 2017; McGrail et al. 2021; Vengavasi and Renu 2016) which
are linked to increases in P availability. The organic acid response to a given nutrient
efficiency will vary by plant. For example under low P conditions, alfalfa (Medicago
sativa L.) and oat (Avena sativa L.) released citrate (Lipton et al. 1987; Wang et al. 2016)
whereas rape (Brassica napus L.) released malate (Dakora and Phillips 2002). Wheat has
been reported to increase citric acid (Ryan et al. 2014) and oxalic acid (Dotaniya et al.
2013; Dotaniya et al. 2014; McGrail et al. 2021) under P-deficiency. However, not all
crop species respond to P-deficiency with increased organic acids. Hoffland et al. (1989)
found that hedge mustard (Sisymbrium officinale Scop.) does not accumulate or excrete
organic acids. Differences in enzyme exudation have been observed in plant genotypes
(Asmar 1997; Asmar et al. 1995; Richardson et al. 2000) which correlated with increased
tissue P content (McLachlan and Marco 1982).
Breeding to improve plant response to nutrient deficiencies and to increase nutrient
acquisition is crucial (Koevoets et al. 2016). However, genotype information is useful for
breeding if the expressed phenotypic response that resulted in improved performance is
also known (Lynch and Brown 2012). Root phenotypic responses are poorly understood,
especially in comparison to our increasing knowledge of the plant genome,
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transcriptome, proteome, and metabolome, and are a bottleneck to advancing breeding
(Lynch and Brown 2012). We set out to evaluate wheat cultivar performance when grown
in soils with low P availability. Based on our previous research characterizing the organic
acid (OA) profile and root system architecture (RSA) of these cultivars in response to Pdeficiency we hypothesized that old (year of release prior to 1970), wild type cultivars
would perform best under low P conditions.

5.3 Materials and Methods
5.3.1 Plant Selection
The cultivars selected for this study (Table 5.1) were previously characterized by the
authors for RSA and root tip OA content. Based on prior analysis, semi-dwarf wheat
cultivars were found to contain two times less organic acids in root tips under P stress
compared to wild type cultivars (McGrail et al. 2021). The cultivars are classified as
either high (wild type) or low OA (semi-dwarf) potential based on these results. RSA
analysis determined that under P stress old cultivars, released prior to 1970, had larger
root systems compared to intermediate (1970-1989) and modern (1990-2002) cultivars.
The cultivars are also classified by RSA potential as either large (released prior to 1970)
or small (1970-2002). Pembroke-16, developed by D.A. Van Sanford (2018), was used
as a check line for growth parameters as it has been well characterized and grown by the
University of Kentucky Wheat Breeding Group in a variety of environments.

5.3.2 Plant Growth Conditions
Crider silt loam (fine-silty, mixed, active, mesic Typic Paleudalfs) was selected for
use in this study as it is a highly productive soil underlying 202,343 hectacres of land in
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Kentucky, many of which are classified as prime farmland (Natural Resource
Conservation Service). Soil was passed through a sieve (<2 mm) and limed according to
University of Kentucky’s recommendations (Ritchey and McGrath 2019) with reagent
grade calcium hydroxide (Fisher Scientific, Waltham, MA). Seeds were germinated by
planting one seed per cell of a six-cell plant pack filled with limed soil and placing them
into plant flats where they were watered continuously with DI water from the bottom.
After germination the flats were transferred to a cold room for six weeks for
vernalization.
After vernalization the entire contents of each individual cell pack was transferred to
the center of a labeled pot (n=5 per cultivar per condition) filled with 800 grams of limed
soil. Pots were randomly arranged on a greenhouse bench, and immediately watered with
100 mL of DI water after transplanting. Experimental conditions (sufficient or deficient
P) were established through the addition of a nutrient solution. Plants not receiving P
were watered with 100 mL of nutrient solution containing reagent grade ammonium
nitrate and potassium sulfate (Fisher Scientific, Waltham, MA). Plants receiving P were
watered with a nutrient solution containing reagent grade ammonium nitrate, potassium
sulfate, and phosphorus (V) oxide (Fisher Scientific, Waltham, MA). Nutrient solutions
were prepared in ultrapure DI, and nutrient sources were added according to the rate
specified by University of Kentucky recommendations (Ritchey and McGrath 2019)
scaled to the amount of soil per pot. Plants were watered every other day with 100 mL of
DI water. The volume of water added each day was 50% of the soil’s water holding
capacity. Granular Marathon (1%) was added to each pot according to the label 22 days
post-transplant to treat for aphids.
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Plants were harvested 47 days after transplant with a target growth stage of heading
(Feekes 10.1). At this stage approximately 80% of total P uptake has occurred (Page et
al., 1978; Malhi et al., 2006; Jones et al., 2015). The average growth stage of each
cultivar is listed in Table 5.2. Plant height was measured from the soil surface to the top
of the head, and tiller number was counted. Biomass was harvested by cutting the stem at
the soil surface with a razor blade. Shoot and root biomass was placed into a labeled preweighed bag, weighed, and dried at 60 °C.

5.3.3 Soil Collection and Analyses
Prior to depotting, shoots were cut 3 cm above the soil surface with a razor blade and
placed into a labeled paper bag for drying. Plants were depotted by applying slight
pressure to the bottom of the inverted pot. The soil that freely broke away from the root
system in the depotting process was considered bulk soil, while the soil that was retained
by the root system was classified as rhizosphere soil. The roots were collected and placed
into a separate labeled paper bag. The rhizosphere soil was sieved (<2 mm) to separate
soil from roots with roots passing through the sieve collected and added to the root
biomass. An ~7 g sample and ~50 g sample of rhizosphere soil was collected for
phospholipid fatty acid analysis (PLFA) and Hedley sequential fractionation,
respectively. The remaining soil (bulk soil) was sieved, and a sample sent to University
of Kentucky Regulatory Service for analysis (pH, Mehlich-III extractable nutrients, %N,
and %C).
Samples for PLFA analysis were stored at -20 °C until lyophilization and thereafter at
-80 °C until analysis. Fatty acid methyl esters (FAMEs) were extracted from rhizosphere
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soil following the high-throughput methods described by Buyer and Sasser (2012).
FAME concentrations were determined using an Agilent 7890 GC (Agilent
Technologies; Wilmington, DE) equipped with auto sampler and flame ionization
detector controlled by MIS Sherlock® (MIDI, Inc., Newark, DE) and Agilent
ChemStation software. FAMEs were separated on an Agilent 7693 Ultra 2 column (25 m
long x 0.2 mm internal diameter x 0.33 µm film thickness) with a column split ratio of
30:1 using ultra-high-purity hydrogen gas at a flow rate of 1.2 mL min-1. The oven
temperature was 190 °C, ramping to 285 °C for 10 min and then 310°C for 2 min at rate
of 10 °C min-1 and 60 °C min-1, respectively. Blanks (hexane only) were analyzed every
ten samples and a 37-component fatty acid mixture (Supelco, Sigma Aldrich) used to
verify calibration. FAMEs were identified and their concentrations and percentages
calculated using the peak naming table in the Sherlock® microbial identification system
(MIDI, Newark, DE).
Rhizosphere samples were sequentially extracted for inorganic P following the
Hedley procedure as described by Tiessen et al. (1984) with slight modification. A 4 cm
x 10 cm anion exchange resin (CTL Scientific Supply Company, Deer Park, NY)
activated with 0.5 N HNO3 for a minimum of 12 hours was used rather than the Dowex
and exchange resin. No other modifications were made. A flatbed orbital shaker
(Barnstead International, Dubuque, Iowa) set at 110 rpm was used to shake samples, and
samples were centrifuged with an Eppendorf 5810R centrifuge (Eppendorf, Hamburg,
Germany) at 3800 rpm for 50 minutes. Inorganic orthophosphate was quantified by ICPOES (5110, Agilent Technology, Santa Clara, CA), and concentration was determined
from standards of known concentration.
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5.3.4 Plant Digestion and Elemental Quantification
Oven-dried shoot and roots with masses ≥ 0.20 g were ground in a ball mill
(Cianflone Scientific Instruments Corporation, Pittsburgh, PA) prior to digestion, while
samples with masses ≤ 0.20 g were not ground and the entire sample digested because
grinding such small quantities resulted in minimal material recovery. Tissue samples
were digested in open top 50 mL metal-free conical vials using10 mL of trace metal
grade 31.4 N nitric acid in a 1600 W MARS Xpress microwave (Matthews, NC)
digestion system at 100 °C for 20 minutes. Digests were diluted to a final volume of 50
mL with ultrapure DI water prior to analysis for Al, Ca, Fe, K, Mg, Mn, and P
concentrations on an ICP-OES (5110, Agilent Technology, Santa Clara, CA). The
instrument was calibrated with a mixed standard and verified every twenty samples along
with a calibration blank. An internal standard of yttrium was continuously analyzed to
test for instrumental drift and matrix effects. Apple leaf standard reference material
(NIST SRM 1515, Millipore Sigma, Burlington, MA) was digested and analyzed to
calculate percent recovery.
Two measures of P uptake and efficiency were calculated from shoot and root P
concentrations. Phosphorus use efficiency (PUE) and root P acquisition efficiency
(RPAE) were computed following the equations in Pan et al. (2008).
PUE = total plant dry mass (g) / total P content (g)
RPAE = total P content (mg) / root dry mass (g)
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5.3.5 Statistical Analysis
Statistical analysis of plant growth metrics, plant nutrients, soil physicochemical data,
measures of nutrient use efficiency, and total concentrations of microbial biomarker
groups (Gram positive bacteria (G+), Gram negative bacteria (G-), arbuscular
mycorrhizal fungi (AMF), general fungi, actinobacteria, protists) was conducted in SAS
9.4 (Statistical Analysis Systems Institute, Cary, NC). Data was first assessed for
normality by PROC UNIVARIATE analysis using the Shapiro-Wilk test (α=0.05). Only
10 of 45 variables were normally distributed. Multiple data transformations were
attempted, but 14 of the 45 variables could not be transformed to a normal distribution.
Therefore, PROC GLIMMIX, which does not require the assumption of normality, was
used to test the effects of cultivar dwarfing status, cultivar age, and cultivar. Experimental
condition (with or without P fertilizer) was statistically significant for all variables except
measures of nutrient use efficiency. All variables, except for measures of efficiency, were
analyzed by experimental condition. A two-way ANOVA was used to assess the impact
of cultivar dwarfing status, cultivar age, and the interaction term on each variable with
replicate as a random effect. Means were separated using a post-hoc Tukey’s honest
significant difference (HSD) test (α=0.05). Measures of efficiency were analyzed with a
one-way ANOVA by hypothesized PEP class with replicate as a random effect. A oneway ANOVA was used to analyze cultivar effects on each variable that was found to be
significant with replicate as a random effect. Means were separated using a post-hoc
Tukey’s HSD test (α =0.05).
Microbial community structure was analyzed in PC-ORD (version, 6.08, MjM
Software, Gleneden Beach, OR) using Hellinger transformed (Ramette 2007) microbial
104

biomarker group concentrations in autopilot mode using Sorensen (Bray-Curtis) distances
and slow and thorough settings. A multi-response permutation procedure (MRPP) was
used with a relative Sorenson distance measure of the PLFA matrix to evaluate if cultivar
dwarfing status (wild type or semi-dwarf), cultivar age (old or modern), or soil P status
(with or without P fertilization) affected microbial community structure. MRPP is a nonparametric procedure in which the resulting A-value describes how similar samples are
within a group (i.e., chance-corrected within group agreement), and the p-value evaluates
how likely an observed difference is due to chance. Groups are identical if the A-value =
1, whereas an A-value = 0 indicates the heterogeneity of the groups is higher than
expected by chance alone. A low p-value (e.g., p < 0.05) and A-statistic > 0.1 indicates
that the differences in microbial community structure detected between the predefined
grouping variables (e.g., dwarfing status, cultivar age, or soil P status) are greater than
would be expected by chance (McCune and Grace, 2002). The p-values were corrected
for multiple comparisons using the Benjamini and Hochberg (1995) approach with a false
discovery rate of 0.10.

5.4 Results
5.4.1 Plant Growth and Nutrient Content
Under P fertilization main stem height (p < 0.01), shoot Mn (p = 0.02), shoot Mg (p =
0.02), and shoot P (p < 0.01) differed significantly by cultivar dwarfing status (Table
5.2). Wild type cultivars were an average of 13.6 cm taller than semi-dwarfs. Semi-dwarf
cultivar shoots (leaves, stems, heads) contained 1.5 times more Mn and 1.45 times more
Mg compared to wild types. The number of heads at harvest (p = 0.04), shoot Mn (p =
0.04) and shoot Mg (p < 0.01) differed significantly by cultivar era (Table 5.2). Modern
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cultivars had more heads than old cultivars on average. Shoot Mn and Mg was 1.48 and
1.59 times greater in old cultivars compared to modern cultivars when adjusted for
biomass. Plant growth stage at harvest (p < 0.01) differed significantly with the
interaction of cultivar dwarfing status and era. Old, wild type cultivars were not as
developed at the time of harvest in comparison to the modern wild types and semi-dwarfs
and one old, semi-dwarf cultivar (Norin-10). Heads were beginning to emerge in old,
wild type cultivars (Feekes 10.1 and 10.3) whereas the other groups were flowering
(Feekes 10.5) or ripening (Feekes 11).
Without P fertilization, main stem height (p < 0.01), root mass (p < 0.01), root Al (p =
0.03), root Fe (p = 0.04) and root Mg (p = 0.03) differed significantly by cultivar
dwarfing status (Table 5.2). Wild types were 10.7 cm taller than the semi-dwarf cultivars.
Overall, both wild type and semi-dwarf plant height was decreased in the absence of P
fertilization. Root mass was greater in wild type cultivars (Figure 5.1) Root Al, Fe, and
Mg was 1.74, 1.82, and 1.47 times greater respectively in wild type cultivars compared to
semi-dwarf cultivars (Figure 5.3). The root:shoot ratio (p < 0.01) differed significantly by
cultivar era (Table 5.2). Old cultivars had a greater root:shoot ratio on a mass basis, 0.65
compared to 0.41 (Figure 5.2). Growth stage at harvest (p < 0.01) and number of tillers (p
= 0.03) differed significantly with the interaction of cultivar dwarfing status and era
(Table 5.2). Old, wild type cultivars were not as developed at the time of harvest in
comparison to the modern wild types and semi-dwarfs and one old, semi-dwarf cultivar
(Norin-10). The flag leaf was visible (Feekes 9) or heads were beginning to emerge
(Feekes 10.1) in old, wild type cultivars whereas the other groups were at ripening
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(Feekes 11). Overall, modern, semi-dwarf cultivars had fewer tillers than Norin-10 (old,
semi-dwarf) and both old and modern wild types.

5.4.2 Soil Physicochemical Variables
With sufficient P, bulk soil K (p < 0.01) differed significantly by cultivar dwarfing
status. Bulk soil from semi-dwarf pots contained 11.4 mg K kg -1 more of Mehlich-III
extractable K than wild type cultivars. Bulk soil Mn (p < 0.01) differed significantly by
cultivar era. Despite old cultivars containing greater Mn in aboveground biomass, bulk
soil collected from the pots of old cultivars contained 28.8 mg Mn kg-1 more than soils
bulk soils under modern cultivars. The interaction of cultivar dwarfing status and era had
a significant effect on bicarbonate extractable P (p = 0.04), however, Tukey’s HSD was
not able to separate the means by the interaction term.
Without P fertilization bulk soil Mn (p = 0.02), bulk soil Al (p = 0.02), and
rhizosphere bicarbonate extractable P (p = 0.03), differed significantly by cultivar era.
Bulk soil from pots of old cultivars contained 17.1 mg kg-1 more Mehlich-III extractable
Mn than modern cultivars. Bulk soil from old cultivars contained 35.6 mg Al kg-1 less
Mehlich-III extractable Al compared to modern cultivars. Rhizosphere soil from modern
cultivars contained 1.56 mg kg more bicarbonate extractable P than old cultivars. Bulk
soil K differed significantly (p < 0.01) with the interaction of cultivar dwarfing status and
era. Bulk soil from modern wild types contained more Mehlich-III extractable K than soil
from old wild types and both the modern and old semi-dwarfs.

107

5.4.3 Measures of Nutrient Use Efficiency
PUE differed significantly with hypothesized PEP class (p < 0.01). PUE was greatest
for PEP class 1, composed of the old wild type cultivars (Figure 5.5). PUE was lowest for
PEP class 2 and 4, which were the old and modern semi-dwarfs respectively. RPAE did
not differ with hypothesized PEP class (p = 0.1).

5.4.4 Microbial Community Structure
Unlike the plant and soil chemical variables, NMDS analysis did not indicate
significant differences in microbial community structure due to soil P status (data not
shown). Regardless, like the plant and soil chemical variables, soil microbial community
structure was assessed within each P treatment separately to investigate any possible
differences. With sufficient soil P, the soil microbial community did not differentiate
based on dwarfing status (Figure 5.6) or era of release (Figure 5.7). The NMDS
ordination by PEP classification (Figure 5.8) resulted in a 2D solution with axis 1 and 2
explaining 93% of the variation and a final stress of 13.18. PEP classes 2 and 3 were
separated along axis 2, which explained 26% of the variation. Without sufficient soil P,
the soil microbial community did not differentiate based on dwarfing status (Figure 5.9),
era of release (Figure 5.10), or pre-defined PEP classification (Figure 5.11).
With sufficient P, G+ bacterial biomass (p < 0.01), and protist biomass (p = 0.01)
differed significantly by cultivar dwarfing status (Table 5.2). Rhizosphere soil from semidwarf plants contained more protists and fewer G+ bacteria compared to wild type plants.
G- bacterial biomass (p < 0.01), and actinobacteria biomass (p < 0.01) differed
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significantly by cultivar era. Rhizosphere soil from old cultivar pots contained more Gbacteria and actinobacteria compared to modern cultivars.
While there was little differentiation in the microbial community structure based on
our predefined groupings, there were differences in individual biomarker groups. In the
treatment without P addition, G+ bacterial biomass (p = 0.02) differed significantly by
cultivar dwarfing status (Table 5.2). Wild types had a greater concentration of G+
bacteria in rhizosphere soil compared to semi-dwarfs. Without P fertilization G- bacterial
(p = 0.03), and actinobacterial biomass (p = 0.02) differed significantly by cultivar era.
Rhizosphere soil from old cultivars contained more G- bacteria and actinomycetes than
modern cultivars.

5.5 Discussion
Early P limitations can result in unrecoverable yield loss even once P supply returns
to adequate levels because plant P needs decline with plant age (Grant et al. 2001).
Root:shoot ratio is reported to increase in response to P-deficiency in several cereals
(Schjørring and Jensén 1984) and is largely attributed to sustained (Anghinoni and Barber
1980; Cakmak et al. 1994) or stimulated (Bates and Lynch 1996; Osborne and Rengel
2002; Rufty et al. 1993) root growth rather than solely a reduction in aboveground
biomass. Although shoot development is often found to be reduced as carbon is
partitioned to the roots (Cakmak et al. 1994; Lynch and Ho 2005). In our previous study
we grew this same wheat panel in solution culture deficient in P and found that six of the
eleven cultivars evaluated, including both wild types and semi-dwarfs, had increased
root:shoot ratios compared to solution culture sufficient in P as follows: Blackhull (6%),
Goens (30%), Lindon (88%), Nicoma (23%), Norin-10 (206%), and Prowers (24%)
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(McGrail et al. 2021). In the present study, old cultivars had an overall greater root:shoot
ratio than modern cultivars (Figure 5.1). However, the increase in the root:shoot ratio of
these cultivars is not directly attributable to an increase in root mass alone. All cultivars
evaluated decreased root and shoot biomass. However, wild type cultivars had a greater
root mass than semi-dwarf cultivars (Figure 5.2). Cultivars with increased root:shoot ratio
under P deficiency corresponded with smaller decreases in root mass and greater
decreases in shoot biomass compared with those cultivars with decreased root:shoot ratio.
Continued root growth under P limitation may necessitate retention of P in the roots
(Grant et al. 2001) for continued growth and interception as has been observed in barley,
rape, and buckwheat (Schjørring and Jensén 1984). In this study, however, there were no
differences between age classes or dwarfing status in the total amount of P in shoots or
roots under P stress, suggesting that roots did not serve as a sink for P.
There were differences in root and shoot biomass with era (old v. modern) and
dwarfing status (wildtype v. semi-dwarf) but these differences did not lead to
significantly different shoot P concentrations. However, the mechanisms used by
wildtype and modern cultivars that resulted in similar shoot P concentrations appear to be
different as evidenced by the soil physicochemical properties. Root Al, Fe, and Mg
concentrations were 1.7, 1.8, and 1.5 times greater in wildtype cultivars than semi-dwarf
cultivars (Figure 5.3). Previous work with this panel found that root tips from wild type
cultivars contained approximately two times more oxalic acid than those of semi-dwarf
cultivars (McGrail et al. 2021). While citric and malic acids are usually correlated with Pstress, greater oxalic acid concentrations have been reported under P-limitation in roots
and root exudates of a variety of plants when grown in P-limited soils (Dong et al. 2004;
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Ström et al. 2005). Oxalic acid requires less carbon and energy to synthesize, and it is not
as important a metabolite in plant physiological processes, unlike citric acid (Dong et al.
2004). Further, oxalic acid is not as favorable a carbon source for rhizosphere
microorganisms compared to citric or malic acids and, therefore, could persist in soils
longer to chelate metals (e.g. Fe and Al) and liberate P in the process (Keiluweit et al.
2015; Sokol et al. 2019). The increased concentrations of oxides to which P commonly
sorbs to suggests that wildtype cultivars may have used this strategy to obtain P.
Soil physicochemical data supports differences in the mechanism of P acquisition
between modern and old cultivars related to organic acid production. Modern cultivars
had a significantly larger soil bicarbonate P pool compared to old cultivars (Figure 5.4).
The smaller soil bicarbonate-extractable P pool with old cultivars may have resulted from
increased oxalic acid production and greater uptake from this pool. Modern and old
cultivars had similar resin-extractable P (3.4 and 2.8 mg kg-1 soil, respectively) which
was lesser than that of the plant-less control soil (4.8 mg kg-1 soil). Resin-extractable P
represents inorganic P that is readily accessible for plant uptake, as such, lesser amounts
in this pool compared to the control soil is not surprising. The bicarbonate-extractable P
represents P that is more strongly bound to Ca, Al, and Fe oxides. Old cultivars had a
similar concentration of bicarbonate-extractable P to the control soil, whereas modern
cultivars had a greater bicarbonate-P concentration compared to old cultivar and the
control soil. This suggests that organic acids were used to solubilize oxide-sorbed P in the
bicarbonate-extractable P which then replenished the resin-available P pool. Further
evaluation of differences in bicarbonate-extractable P supports this hypothesis. The
cultivars with the lowest available P were Prowers and Red May. While Red May is an
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old cultivar, our previous research with Prowers found that its roots consistently
contained a large concentration of organic acids and had a large amount of root hairs. The
ordering of the cultivars by bicarbonate-extractable P is close to the ordering of the
cultivars by the amount of root tip organic acids as evaluated in solution culture.
Differences in Mehlich-III extractable Al, Mn, and K (Figure 5.4) further support the
increased use of the bicarbonate-extractable P pool by old cultivars, which includes P
sorbed to oxides (Cross and Schlesinger 1995). Old cultivars also had decreased MehlichIII extractable Al. Al-oxides control phosphate sorption at low phosphate concentration
(Gérard 2016). While there was not a difference in soil Al concentration with dwarfing
status, it should be noted that all the old cultivars in the study, except one, are wild types.
The one old, semi-dwarf cultivar (Norin-10) has statistically grouped with the old wild
type cultivars throughout our work. The interaction of dwarfing status and cultivar age
was almost significant with a p-value of 0.058, and Tukey’s HSD was able to separate the
classes in which the old wild types and semi-dwarf were statistically similar. Oxalic acid
is effective in complexing aluminum, releasing P from the soil matrix and into solution
(Hocking 2001). It is probable that Al-oxides were solubilized by organic acids and then
taken up by roots, which corresponds with the increased root Al observed, or leached
from the soil. Interestingly, old cultivars corresponded with increased Mehlich-III
extractable-Mn. P and Mn have been reported to negatively interact, in which increasing
availability of P results in decreased uptake of Mn (Pedas et al. 2011). This supports the
hypothesis that old cultivars were using organic acids to increase soil-solution P which
would then result in increased Mn. Lastly, Mehlich-III extractable-K differed with the
interaction of dwarfing status and cultivar age in which old, wild types corresponded with
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least soil K. Oxalate is an important counterion to Na and K anions (Libert and
Franceschi 1987), which supports differences in organic acid and increase use of the
bicarbonate-extractable P pool by old cultivars.
The increase in root mass and root Al, Fe, and Mg concentration in wild types
compared to semi-dwarf cultivars and differences in soil bicarbonate-extractable P,
Mehlich III-Al, Mn, and K with cultivar age suggests that P acquisition and use
efficiencies may have changed with breeding milestones. Assigned PEP class did explain
PUE (p=0.0057), which quantifies the total amount of biomass produced per total P
contained in the plant (Figure 5.5). PEP class 1 and 2, which are the old, wild type
cultivars and old, semi-dwarf cultivar respectively, were most efficient. This is attributed
to both the increased root mass and use of organic acids to liberate P. Manske et al.
(2000) also found a measure of root biomass, in their case root length density, to be the
most important trait for P absorption and use. RPAE was not explained by PEP class
(Figure 5.5). Rather, RPAE was explained by dwarfing status in which semi-dwarfs had
an RPAE value that was 1.6 times greater than wild types (Figure 5.6). The greater RPAE
can be partially attributed to the smaller root biomass in semi-dwarfs. Studies have found
that under P-stress P will be retained in plant roots rather than mobilized to shoots (Grant
et al. 2001). Because the plants when the majority of P uptake had occurred, it is possible
that P needs of the shoots were met with P stored in vacuoles. Physiological activity is
stable over a wide range of bulk tissue P concentration so long as P-stored in vacuoles is
released to buffer changes so that the cytoplasmic P concentrations remains adequate
(Sinclair and Vadez 2002), which is generally regarded as 5-10 mM (Bieleski 1973). P
can be translocated from older tissues to younger tissues to meet demands (Sinclair and
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Vadez 2002), which was visually observed in this study. Cultivars with a greater PUE
and a lower RPAE maintained more leaves and tillers. Pan et al. (2008) also reported that
genotypes with greater PUE under P-stress had lower RPAE.
Numerous studies have sought to determine differences in P uptake and use for
potential breeding efforts. These studies generally find large variations in use and uptake
in wheat (McDonald et al. 2015; Ozturk et al. 2005), multiple cereal species (Osborne
and Rengel 2002), and soybeans (Pan et al. 2008). While many of these studies evaluate
many more plant cultivars/varieties than our panel did, our panel was selected to cover
two major breeding milestones — the introduction of semi-dwarfism and the use of
increased inputs in germplasm development following the Green Revolution. Our panel
includes both wild types and semi-dwarfs in modern and old age classes, which is a
departure from the other studies. While Manske et al. (2002) included semi-dwarfs and
wild types, the experiment was done in non-limiting P conditions. Their conclusions that
dwarfism corresponded with increased P uptake is corroborated by this study. However,
under P-deficiency semi-dwarf and modern germplasm performed poorly. Our previous
work with the RSA and organic acid response of this panel to P deficiency greatly
increased our understanding of the soil-based response. Further, our study measured
numerous variables — plant, soil physicochemical, and microbial — to inform our
interpretation of the P-stress response. From our work, it is evident that holistic root
phenotyping must be done in addition to field-based studies to inform the results and aid
in the selection of germplasm that could be used in breeding to improve P response.
McDonald et al. (2015) are correct — significant improvements in PUE have been slow
because P nutrient is complex and includes root architecture, rhizosphere
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biogeochemistry, microbial interactions, and plant responses. Here we have measured or
considered many important variables in each of these categories. From our work wild
types, both modern and old, offer an advantage to adapting germplasm for low input
conditions.
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Table 5.1. Wheat cultivars selected for this study with assigned PEP class given previous
OA and RSA study classifications.
Cultivar

Year
Released

Era

Dwarfing
Status

OA Potential
Class

RSA Potential
Class

PEP Class

Goens

1808

old

wild type

high

large

1

Red May

1830

old

wild type

high

large

1

Blackhull

1917

old

wild type

high

large

1

Norin-10

1935

old

semi-dwarf

low

large

2

Nicoma

1971

modern

wild type

high

small

3

Baca

1973

modern

wild type

high

small

3

Prowers

1997

modern

wild type

high

small

3

Lindon

1975

modern

semi-dwarf

low

small

4

Akron

1994

modern

semi-dwarf

low

small

4

Ankor

2002

modern

semi-dwarf

low

small

4
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Table 5.2. Results of the two-way ANOVA analysis on the impact of era of release and dwarfing status on plant growth metrics, plant
nutrient content, bulk soil physicochemical data, rhizosphere Hedley P fractions, and microbial community composition (� = 0.05).
- - - - - - - - - - - - - - - - - - - - - With P - - - - - - - - - - - - - - - - - - - - Dwarfing Status (DS)
F

p

Era (E)
F

DS * E
p

F

- - - - - - - - - - - - - - - - - - Without P - - - - - - - - - - - - - - - - - Dwarfing Status (DS)

p

Era (E)

DS * E

F

p

F

p

F

p

Plant Growth Metrics
Growth Stage

7.09

0.0104

1.31

0.2574

13.32

0.0006

8.43

0.0055

6.21

0.01660

7.84

0.0072

Main Stem
Height

15.90

0.0002

0.97

0.3301

1.01

0.3195

13.21

0.007

1.92

0.1721

0.34

0.5622

Number of
Tillers

1.90

0.1748

0.20

0.6594

2.03

0.1609

7.90

0.1743

5.28

0.0258

5.28

0.0258

Number of
Heads

0.53

0.4705

4.46

0.0397

0.43

0.5136

3.23

0.0786

3.23

0.0786

3.23

0.0786

Shoot Mass

2.51

0.1198

1.05

0.3094

0.07

0.7963

0.28

0.5977

2.31

0.1352

0.97

0.3293

Root Mass

0.01

0.9191

1.82

0.1835

1.67

0.2022

8.17

0.0062

0.78

0.3803

0.15

0.7033

Root:Shoot
Ratio

2.67

0.1084

1.59

0.2132

2.50

0.1200

0.34

0.5626

9.55

0.0033

1.05

0.3107

Total Plant Nutrient Content
Shoot Al

2.67

0.1084

3.45

0.0690

0.44

0.5096

0.76

0.3869

3.66

0.0617

1.20

0.2790

Shoot Ca

0.91

0.34600

3.18

0.0805

0.01

0.9100

0.35

0.5555

1.67

0.2018

2.39

0.1282

Shoot Fe

1.29

0.2622

1.82

0.1833

0.00

0.9842

0.37

0.5468

1.22

0.2744

1.68

0.2010

Shoot K

2.06

0.1571

2.74

0.1039

0.00

0.9812

1.58

0.2146

1.46

0.2334

2.66

0.1093

Shoot Mn

5.86

0.0191

4.55

0.0379

1.75

0.1918

0.10

0.7572

1.20

0.2780

1.32

0.2570
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Shoot Mg

5.39

0.0244

8.40

0.0056

1.51

0.211

0.00

0.99121

0.9

90.3244

0.80

0.3745

Shoot P

7.53

0.0084

2.67

0.1086

0.53

0.4680

0.14

0.7123

3.32

0.0746

0.57

0.4552

Root Al

1.14

0.2920

0.05

0.8202

0.18

0.6721

4.90

0.0315

0.49

0.4876

0.88

0.3533

Root Ca

2.35

0.1316

0.04

0.8404

0.74

0.3936

1.60

0.2112

0.03

0.8570

2.19

0.1452

Root Fe

1.99

0.16458

0.03

0.8716

0.03

0.8556

4.33

0.0427

0.81

0.3726

0.87

0.3550

Root K

0.28

0.5986

1.4

30.2370

1.83

0.1826

2.03

0.1602

1.13

0.2929

2.15

0.1490

Root Mn

3.30

0.0753

0.00

0.9946

0.00

0.9838

2.30

0.1359

0.07

0.7996

2.85

0.0976

Root Mg

0.32

0.5741

0.21

0.6509

0.06

0.8056

4.97

0.0303

0.03

0.8599

2.34

0.1324

Root P

0.76

0.3880

0.55

0.4631

0.20

0.6548

3.37

0.0724

0.43

0.5144

2.05

0.1582

Bulk Soil Physiochemical Parameters
pH

0.93

0.3408

0.00

0.9599

0.15

0.6961

0.00

0.9674

0.17

0.6790

0.83

0.3666

P

0.71

0.4047

0.63

0.4297

0.57

0.4542

0.40

0.5280

3.36

0.0726

0.45

0.5047

K

8.54

0.0052

0.06

0.8042

2.60

0.1133

0.00

0.9873

0.35

0.556

7.59

0.0082

Ca

1.46

0.2321

0.03

0.8655

0.10

0.7582

0.02

0.8895

0.25

0.6171

1.11

0.2968

Mg

0.03

0.8685

1.97

0.1669

0.39

0.5330

1.81

0.1846

0.63

0.4314

3.0

0.0895

Mn

2.88

0.0958

12.71

0.0008

0.15

0.6958

0.02

0.8859

5.45

0.0236

1.79

0.1875

Al

0.01

0.9187

0.68

0.4146

0.46

0.4994

2.60

0.1135

5.77

0.0201

3.76

0.0581

Fe

1.17

0.2847

3.78

0.0576

1.03

0.3158

0.75

0.3917

3.56

0.0652

0.93

0.3404

Cu

0.28

0.5991

3.72

0.0597

0.20

0.6585

0.04

0.8374

0.00

0.9788

3.59

0.0637

Zn

0.34

0.5646

0.03

0.8599

0.69

0.4097

0.13

0.7229

0.21

0.6511

1.60

0.2113

Total N

0.34

0.5644

0.67

0.4163

1.11

0.2974

0.73

0.3962

1.76

0.1911

0.69

0.4115

Total C

0.15

0.6979

2.81

0.1003

3.76

0.0581

0.63

0.4306

2.36

0.1310

0.03

0.8549
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Rhizosphere Soil Parameters
Resin P

0.27

0.6045

0.04

0.8413

0.02

0.8944

0.43

0.5155

1.07

0.3069

2.48

0.1213

Bicarbonate P

1.88

0.1770

0.03

0.8727

4.48

0.0393

0.01

0.9124

5.20

0.0269

0.00

0.9941

Microbial Parameters
Total Biomass
FAMES

2.56

0.1158

4.18

0.0462

0.47

0.4980

0.94

0.3374

2.17

0.1469

1.49

0.2277

G+

13.36

0.0006

0.09

0.7696

0.09

0.7680

5.44

0.0237

0.26

0.6153

0.15

0.6999

G-

0.52

0.4747

8.95

0.0043

0.22

0.6420

0.05

0.8313

5.12

0.0280

1.93

0.1714

General Fungi

0.12

0.7304

0.31

0.5813

0.66

0.4219

0.31

0.5831

1.22

0.2737

2.60

0.1134

AMF

3.61

0.0632

3.27

0.0767

0.01

0.9346

0.19

0.6641

2.01

0.1625

1.84

0.1812

Actinobacteria

3.37

0.0723

7.67

0.0078

0.10

0.7558

0.34

0.5641

5.65

0.0213

1.10

0.3004

Protists

6.53

0.0137

2.33

0.1333

0.55

0.4627

1.83

0.1827

0.64

0.4288

0.04

0.8505
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Figure 5.1. Shoot mass (g), root mass (g), and their ratio (g/g) of wild type (n=30 per
experiment) and semi-dwarf wheat cultivars (n=25 per experiment) grown with and
without adequate P. Boxes for each parameter not sharing the same uppercase (with P) or
lowercase (without P) letter are significantly different (p < 0.05).
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Figure 5.2. Shoot mass (g), root mass (g), and their ratio (g/g) of modern (n=20 per
experiment) and old cultivars (n=35 per experiment) grown with and without adequate P.
Boxes for each parameter not sharing the same uppercase (with P) or lowercase (without
P) letter are significantly different (p < 0.05).
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Figure 5.3. Root Al (g), root Fe (g), and root Mg (g) of wild type (n=30 per experiment)
and semi-dwarf wheat cultivars (n=25 per experiment) grown with and without adequate
P. Concentration was scaled by root mass. Boxes for each parameter not sharing the same
uppercase (with P) or lowercase (without P) letter are significantly different (p < 0.05).
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Figure 5.4. Bicarbonate extractable P (mg kg-1 soil), Mehlich-III extractable Al (mg kg-1
soil), and Mehlich-III extractable Mn (mg kg-1 soil) of modern (n=20 per experiment) and
old cultivars (n=35 per experiment) grown with and without adequate P. Boxes for each
parameter not sharing the same uppercase (with P) or lowercase (without P) letter are
significantly different (p < 0.05).
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Figure 5.5. Phosphorus use efficiency (g total biomass g-1 total P) and RPAE (mg total P
g-1 root biomass) of hypothesized PEP classes modern (n=30, 10, 30, 40 respectively).
Boxes for each parameter not sharing the same uppercase letter are significantly different
(p < 0.05).
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Figure 5.6. NMDS ordination of grouped microbial PLFAs in sufficient P conditions
grouped by dwarfing status (semi-dwarf, n=5 cultivars v. wildtype, n=6 cultivars).
Cultivar names are centered within distribution of replicates (n=5). PLFA biomarker
group concentrations with r2 > 0.30 between the variable and axis score are displayed as
vectors. Vectors indicate strength and direction of graphed relationships.
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Figure 5.7. NMDS ordination of grouped microbial PLFAs in sufficient P conditions
grouped by era of release (old, n=4 cultivars v. modern, n=7 cultivars). Cultivar names
are centered within distribution of replicates (n=5). PLFA biomarker group
concentrations with r2 > 0.30 between the variable and axis score are displayed as
vectors. Vectors indicate strength and direction of graphed relationships.
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Figure 5.8. NMDS ordination of grouped microbial PLFAs in sufficient P conditions
grouped by hypothesized PEP classification (1, n=3 cultivars v. 2, n=1 cultivar v. 3, n=3,
v. 4, n=4). Cultivar names are centered within distribution of replicates (n=5). PLFA
biomarker group concentrations with r2 > 0.30 between the variable and axis score are
displayed as vectors. Vectors indicate strength and direction of graphed relationships.
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Figure 5.9. NMDS ordination of grouped microbial PLFAs in sufficient P conditions
grouped by dwarfing status (semi-dwarf, n=5 cultivars v. wildtype, n=6 cultivars).
Cultivar names are centered within distribution of replicates (n=5). PLFA biomarker
group concentrations with r2 > 0.30 between the variable and axis score are displayed as
vectors. Vectors indicate strength and direction of graphed relationships.
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Figure 5.10. NMDS ordination of grouped microbial PLFAs in deficient P conditions
grouped by era of release (old, n=4 cultivars v. modern, n=7 cultivars). Cultivar names
are centered within distribution of replicates (n=5). PLFA biomarker group
concentrations with r2 > 0.30 between the variable and axis score are displayed as
vectors. Vectors indicate strength and direction of graphed relationships.
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Figure 5.11. NMDS ordination of grouped microbial PLFAs in sufficient P conditions
grouped by era of release (old, n=4 cultivars v. modern, n=7 cultivars). Cultivar names
are centered within distribution of replicates (n=5). PLFA biomarker group
concentrations with r2 > 0.30 between the variable and axis score are displayed as
vectors. Vectors indicate strength and direction of graphed relationships.
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CHAPTER 6: ROOT DECOMPOSITION IS IMPACTED BY COVER CROPPING UNDER
DIFFERING SOIL P-REGIMES
6.1 Abstract
Crop rotation, which can include cover crops, has been used throughout history to
improve soil fertility through the incorporation of N-fixing crops, to interrupt disease and
pest cycles naturally, and to suppress weeds. Only the cover crop’s aboveground plant
tissues are generally considered as a contribution to soil fertility. Roots, which comprise
approximately half of a plant’s biomass, and their impact on the following cash crop
should be considered. This study measured root growth and decomposition in a
mesocosm experiment with soils of two differing pedogenic P regimes (Maury and
Sadler) under four treatments — fallow control, corn monocrop, corn with a winter wheat
cover crop, and a winter wheat cover crop. Corn was grown for three years, and winter
wheat was grown for two years in a greenhouse mesocosm study. In both soils, corn roots
in the B horizons decomposed faster as a result of water availability, soil carbon, and soil
nitrogen. Rotation resulted in slower decomposition of corn roots in the higher fertility
conditions of the Maury soil in one year only when compared to the corn treatment in the
same soil. Total corn biomass and nutrient produced was not impacted with crop rotation
within the two soils. In the low P soil, Hedley soil P pools were not negatively impacted
by rotation. These findings provide evidence that root decomposition can play a
substantial role in P cycling.

6.2 Introduction
Crop rotation has been a standard practice since the adoption of agriculture and has
been universally adopted as a management practice with yield benefits (Crookston et al.
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1991). Middle Eastern farmers rotated legumes with cereal crops in 6000 BC (Bishnoi
2015), and early wheat (Triticum aestivum L.) cultivation included rotation with pulses
(Zabinski 2020). Different crop rotations varying three to five years were found to double
or triple corn yield over continuous corn (Zea mays L.) (Williams 1935). Longterm trials
found consistent improvements in yield with crop rotations. A 48-year study found the
rotation of corn with red clover (Trifolium pratense L.) and oats (Avena sativa. L)
resulted in a two-fold greater year than that of continuous corn (Bauer et al. 1935).
Alfalfa (Medicago sativa L.), corn, wheat rotation resulted in an average increase of 14.2
bushels for corn, 5.8 bushels for wheat, and 2110 pounds for alfalfa over continuous
crops in a 20-year trial (Cox and Jackson 1948). While yield improvements from crop
rotations could be dismissed as unnecessary with modern high yielding cultivars, nutrient
management practices, and access to herbicides and pesticides to control weeds, disease,
and pests, studies consistently find that the practice of continuous monocropping results
in yield penalties. A meta-analysis evaluating 748,374 yield records found that
continuous corn and soybean cultivation resulted in a 4.3% and 10.3% yield penalty
(Seifert et al. 2017). Diverse rotations can greatly enhance yield. For example, a rotation
of corn-oat, winter wheat, and two years of mixed red clover and timothy (Phleum
pratense L.) resulted in a 12% increase in corn yield over continuous corn (Grover et al.
2009). Yield improvements can be attributed to numerous factors, including fertility
improvements (Bennett et al., 2012). A 35-year study found that the inclusion of alfalfa
in corn rotations resulted in no response to nitrogen additions, indicating alfalfa was
capable of meeting first year nitrogen demands of corn (Stanger and Lauer 2008). Crop
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resiliency has also been reported to improve with cropping rotations (Sindelar et al.
2016).
Many crop rotations include the use of a legume or cereal which are termed cover
crops if the crop is not grown to physiological maturity and harvested for profit (Lal
2003). Such cover crops provide a plethora of services including but not limited to
improving soil structure, reducing erosion, enhancing soil fertility, improving soil quality,
and reducing weed, insect, and pathogen pressure (Lal 2003; Lal et al. 1991). Cover crops
can maintain and enhance soil fertility in numerous ways. Cover crops can be mulched
into the soil to return nutrients from the aboveground biomass. Cover crop roots can
prevent mobile nutrients from leaching deep into the soil profile where they would be
inaccessible for the cash crop. Cover crop roots also reduce runoff and reduce erosion of
soil-bound nutrients, particularly P. However, nutrients contained in cover crop roots are
often overlooked as a source of fertility for the following cash crop. More P is contained
in the microbial biomass and plant roots than in plant shoots in a native grassland system
(Halm et al. 1972). Roots from grassland species contribute to 33% of litter production
whereas leaves and stems account for 26% and 41% of litter production (Freschet et al.
2013). Therefore, understanding root decomposition and its impact on fertility is
important for improving crop production.
Root decomposition is complex because it is influenced by both root and soil
parameters. Root type, nutrient content, nutrient ratios, concentration of secondary
compounds, and carbon type each impact decomposition (McCormack et al. 2015; Silver
and Miya 2001). In most studies all roots ≤ 2 mm in diameter are classified as fine roots
and are considered to be equivalent (McCormack et al. 2015). Further classification based
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on root-order or functional traits would better inform decomposition studies. In the root
order classification scheme first order roots are unbranched, second order roots begin at
the junction of two first order roots, third order roots are formed at the junction of two
second order roots, and so on (Pregitzer et al. 2002). This is useful to consider as many
physiological processes and traits vary with root order. For example, diameter generally
increases with root order which give rise to differences in tissue chemistry and function.
Nutrient absorptive capacity (McCormack et al. 2015), water uptake capacity (Rewald et
al. 2012), respiration (Xia et al. 2010), mycorrhizal colonization, and nitrogen
concentration (McCormack et al. 2015) decreases with increasing root order. Conversely
transport capacity (Rewald et al. 2012), lifespan (Xia et al. 2010), C:N ratio, total
nonstructural carbohydrates, and suberin content increase with increasing root order
(McCormack et al. 2015). These parameters all impact decomposition. For example,
roots of higher C:N ratios, nonstructural carbohydrates, and suberin will decompose more
slowly than those of lower C:N ratios and those with less suberin (McCormack et al.
2015).
Root decomposition is not well understood due to limitations in methodology. Unlike
aboveground biomass that is often mulched before incorporation in the soil, root systems
remain intact, and decomposition is impacted by numerous factors. Studies often mulch
roots and perform litter bag experiments which are not truly representative of
decomposition as it would occur in the field. For example, Goebel et al. (2011) found that
microbial decomposition rates measured from traditional root litterbag studies are too fast
because at least four root orders are used and assumed to decay equally. Mini-rhizotrons
are very suitable for assessment of root turnover because they facilitate repeated
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measurement on the same root system without disturbance (Cheng et al. 1991).
Additionally, roots remain intact and can undergo decomposition in the soil in which they
grew. This is important as the rhizosphere conditions were created by the plant roots
during growth through the exudation of enzymes and organic acids and through uptake of
nutrients and water. Therefore maintaining the roots intact will result in a better
estimation of turnover as numerous soil parameters including temperature, moisture,
nutrient availability for microorganisms, pH, O2 concentrations, and fertilizer application
and type influence root decomposition (Fornara et al. 2020; Gill and Jackson 2000; Swift
et al. 1979).
Variation of root parameters and its impact on decomposition rates strongly impacts
biogeochemical cycles (Birouste et al. 2012). A better understanding and exploitation of
these factors can greatly inform nutrient management in cropping systems, including
those which utilize cover crops. This study sought to determine the impact of soil P status
and cover cropping on root growth, root decomposition, and its feedback on soil fertility
and plant nutrient content through the use of a mesocosm experiment. We hypothesized
that the rotation treatment would increase root decomposition compared to the corn
treatment in both soils. Cover crop roots would release root exudates that would support a
greater microbial community which would decompose old root material. We also
hypothesized that root turnover would occur more rapidly in the Sadler soil compared to
the Maury soil because P is limiting.
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6.3 Materials and Methods
6.3.1 Soil Collection
Soils were collected in the summer of 2017 at the University of Kentucky Spindletop
Research Farm in Lexington, KY (38° 2’ N, 84° 36’ W) and University of Kentucky
Grain and Forage Center of Excellence at the Research and Education Center in
Princeton, KY (37° 6’ N, 87° 52’ W). Soil collected from Spindletop was classified as a
Maury silt loam (fine, mixed, active, mesic Typic Paleudalfs), and soil collected from
Princeton was classified as Sadler silt loam (fine-silty, mixed, semi-active, mesic
Oxyaquic Fraglossudalfs). Soils were collected from fields that had been under mixed
grass species for 20 years without management other than mowing. The surface sod was
removed, and approximately 900 kg of both the A and B horizon was collected separately
with a backhoe. Soil was passed through a grinder before storage in a 1 m3 bulk bag until
mesocosm construction.

6.3.2 Mesocosm Construction
Mesocosms were constructed in the University of Kentucky greenhouse during the
fall of 2017 in a completely randomized design. Each mesocosm (4 treatments x 2 soils x
3 replicates, n=24) was constructed using a 110 L plastic barrel (OS30L; Lexington
Container Company, Harrodsburg, KY) that sat on a 50.2 cm x 71.8 cm x 14 cm platform
built from pressure treated wood (Figure 6.1). The barrels were prepared by first drilling
several holes to accommodate a variety of instrumentation. A 1.9 cm hole was drilled
slightly off center in the bottom of the barrel into which a 1.9 cm PVC elbow was
inserted to which a 30.5 cm length of 1.9 cm PVC pipe was attached to permit gravityinduced drainage. Two, 7 cm holes were drilled opposite each other on both sides of the
136

barrel at 50.2 cm and 71.8 cm from the bottom of the barrel to accommodate the minirhizotron viewing tubes. Two 5 mm holes were drilled at the same heights but
perpendicular to the viewing tubes for the 5TM TDR probes (METER Environment,
Pullman, WA) used to monitor soil moisture and temperature in the two horizons. Six,
7.1 mm holes were drilled 24 cm apart in the top rim of the drum to support the drip
irrigation tubing.
To assemble the mesocosms, a 44.5 cm circular piece of Landmaster weed control
fabric was first placed on the bottom of the drum to prevent soil from entering the
drainage pipe. Screened and washed sand was then added on top of the landscape cloth to
a depth of 3.8 cm, and a second piece of weed control fabric was added to prevent the
sand from mixing with the soil. Next, 72 kg of Sadler or Maury B horizon soil was added
to a depth of approximately 30 cm and the soil packed to a bulk density of ~ 1.4 g cm-3.
Then 72 kg of Maury or 84 kg of Sadler A horizon was added to a final bulk density of ~
1.2 g cm-3. Mini-rhizotron viewing tubes (60.96 cm long, 6.99 cm outer diameter, 6.35
inner diameter; ePlastics, San Diego, CA) were installed in each horizon during the soil
filling process for each horizon. The tubes were capped with 70 mm caps (MOCAP, Park
Hills, MO) and sealed into placed with GS121 gutter sealant to prevent moving. Soil was
added until the viewing tube was approximately half-way covered, and then the TDR
probe was inserted.
The mesocosms were divided into 3 blocks of 8 mesocosms, and the 16 TDR probes
from each block were wired to one of 3, 32-channel multiplexers (AM16/32B, Campbell
Scientific, Logan, UT). The multiplexers were then wired to a CR6 data logger
(Campbell Scientific, Logan, UT) which collected soil temperature and volumetric water
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content every ten minutes using LoggerNet software (Campbell Scientific, Logan, UT.
Conductivity was calculated from the temperature and volumetric water content
measurements. The six measurements collected each hour were used to compute an
hourly measurement for each horizon.
For automatic watering, a 1.9 cm schedule 80 PVX pipe connected to the greenhouse
DI water system was installed down the two avenues of the mesocosm array and a
solenoid (Rainbird 235503; Rainbird, Azusa, CA) attached adjacent to each mesocosm. A
1.27 cm piece of black polypropylene irrigation tubing (Mister Landscaper, Dundee, FL)
was run from the solenoid to a ring of similarly sized tubing around the top of each
mesocosm and connected via a barbed T fitting. Six adjustable 0-0.63 L min-1 drippers on
stakes (Mister Landscaper, Dundee, FL) were connected to the irrigation tubing
encircling the top of the mesocosms by running a piece of 0.64 cm tubing through the
previously drilled holes in the top rim of the mesocosms and connecting them using 6.35
mm barbed couplers. Twelve selenoids were wired to each of two Orbit B-Hyve
watering stations (Orbit Irrigation Products, LLC., North Salt Lake, UT) to control
watering frequency and duration.
For soil trace gas collection, circular collars were made from PVC (15 cm length, 10
cm diameter) and in the fall of 2018 inserted 7.5 cm deep into the soil surface adjacent to
the mini-rhizotron viewing tube and near a sprinkler so it received water. Soil inside the
collar was managed similarly to the soil outside the collar (weeding, liming, fertilization,
etc.).
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6.3.3 Environmental Growth Conditions
Temperature controls were set in the greenhouse to mimic outdoor temperatures to
the best of our ability. An evaporative cooling wall was used to decrease temperatures
from April-September. Fans operated year-round to circulate air throughout the
greenhouse. During the winter months, heat to the greenhouse zone was turned off.
However, the heating system near the water pipes was operational to prevent the pipes
from freezing. The greenhouse zone was not heated unless the zone was ≤2 °C. These
conditions did result in a minor temperature gradient in which the rear mesocosms were
slightly cooler in the summer and warmer in the winter. However, there was no
significant difference in soil temperature with mesocosm location. The greenhouse was
whitewashed during all years to minimize excessive warming and as such supplemental
lighting was provided using six, LumiGro Pro 650e (Emeryville, CA) LED lights to
ensure optimal solar radiation for corn growth. Lighting was turned on at corn planting
and off at corn harvest each year during which time it was triggered to come on when the
natural light intensity decreased below 150 µmol m-2 s-1. Lighting was not used for winter
wheat growth. Watering was adjusted to deliver approximately 22.7 L of DI water to each
mesocosm once each week replicating the annual rainfall for Lexington, KY.

6.3.4 Nutrient Management
Prior to corn planting each year, liming and fertilizer requirements for each
mesocosm was determined using the University of Kentucky’s AGR-1 lime and fertilizer
recommendations document (Ritchey and McGrath 2019) based on soil test data provided
by the University of Kentucky’s Regulatory Services. Liming was achieved by
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sprinkling reagent grade calcium hydroxide (Fisher Scientific, Waltham, MA) evenly
over the entire surface of the mesocosm (including inside the gas collar), and manually
incorporating it into the top 3 cm of soil. Nitrogen and potassium fertilization was
applied as reagent grade ammonium nitrate (NH4NO3) and potassium sulfate (Fisher
Scientific, Waltham, MA), respectively, by dissolving the appropriate amount in 1 L of
ultrapure DI water and pouring it evenly over the entire soil surface (including inside the
gas collar). Since the soils were collected from fields that were in mixed grass and weeds
for a minimum of 20 years, the initial N rate was the recommended rate for a corn crop
following a cover crop of grass or grass-legume sod cover for five years under
conservation tillage. The N rate in the following years was the recommended rate for
corn following corn, sorghum, soybeans, small grain, or fallow under conservation
tillage. In 2018, 25.4 g and 33.1 g of NH4NO3 was applied to the Maury and Sadler
mesocosms, respectively. In 2019 and 2020, 36.4 g and 44.2 g of NH4NO3 was applied to
the Maury and Sadler mesocosms, respectively. In 2018, K was applied at a rate of 3.74 g
per Sadler mesocosms. In 2019 and 2020, K was applied to each mesocosm based on
University of Kentucky’s recommendations (Ritchey and McGrath 2019) and soil test
data.

6.3.5 Planting and Harvesting
The corn hybrid B73 x MO17 was selected for use in all three years of corn growth
because it is well characterized and grown widely. Reid yellow dent (inbred B73) and
Lancase (inbred MO17) are the two most well-known maize variety groups, and their
hybrid is the most commonly grown corn hybrid in America (Sun et al. 2018). Pembroke140

16 was selected as the winter wheat cultivar for all three years of growth in this study. It
was developed by Dr. David Van Sanford at the University of Kentucky and is well
suited for Kentucky’s soils (Van Sanford et al. 2018).
Plants were established at approximately the same time as in the field (Table 6.1).
Several corn kernels were sown per corn-receiving mesocosm. After germination the
center-most plant was kept, and the remaining seedlings were culled. Forty-five winter
wheat seeds were sown per mesocosm each year and thinned to 35 plants one week after
germination. The seeding rate is consistent with the recommended seeding rate of 375
seeds per square meter. Winter wheat was not planted in 2020 to allow for the collection
of full profile cores.
Plants were harvested at approximately the same time as they would be in the field.
Because of delays in planting in 2018, corn plants would not be physiologically mature in
time to establish winter wheat. A simulated stover harvest was carried out in which the
plant was harvested prior to maturity. In 2019 and 2020, corn was harvested at
physiological maturity with enough time for a fallow period before the establishment of
winter wheat. This fallow period of at least one month was necessary to track corn root
turnover prior to any influence from the ingress of winter wheat. Winter wheat was
harvested at flag-leaf stage (Feekes 9), which is consistent with termination of winter
wheat as a cover crop (Table 6.1).
At corn harvest, the stalks were inspected for the uppermost set of brace roots that
contacted the soil. In all years, only four sets of brace roots — two directly at the soil
surface and two at aboveground nodes — made contact with the soil. All corn plants were
marked at the same node each year, and the stalk was cut at this mark with loppers. Ears
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were counted, photographed for measurement, and placed into separate bags. Stalks,
leaves, and corn husks were placed into a single bag. All bags were weighed, dried at 60
°C, and re-weighed once dry. After drying kernel number was estimated by counting
kernels per row and the number of rows on the main ear. Kernels were then separated
from the cobs. Stalks/leaves and cobs were ground with a Wiley mill (Thomas Scientific,
Swedesboro, NJ) at 1 mm and 2 mm respectively. A small sample of corn kernels were
ground with a ball mill (Cianflone Scientific Instruments Corporation, Pittsburgh, PA) for
further analysis, but the majority of the sample was retained as whole kernels.
Winter wheat was harvested by cutting the tillers approximately 3-cm from the soil
surface with a razor blade. Emerged/emerging heads were separated from tillers and
counted. Total plant number was counted after tillers were cut. Heads and tillers were
placed into separate bags, weighed, dried at 60 °C, and re-weighed once dry. Tillers and
heads were ground at 1 mm and 2 mm respectively with a Wiley mill (Thomas Scientific,
Swedesboro, NJ).

6.3.6 Plant Digestion and Elemental Quantification
In 2019 plant materials from Year 1, with the exception of corn kernels, were
digested using an open vessel digestion. A tissue mass of ≤ 0.50 g was digested with 10
mL of trace metal grade 31.4 N nitric acid in 50 mL metal-free conical vials with a
MARS Xpress microwave (Matthews, NC) on 1600 W at 100 °C for 20 minutes.
Samples cooled to room temperature before the addition of 1 mL of 30% hydrogen
peroxide. Samples were digested again using the same procedure. In 2020, tissues from
Year 2-3 and corn kernels from Year 1-3 were digested as a closed vessel digestion. The
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same procedure was used except the digestion was carried out in Mars Xpress microwave
tubes.
In both methods, digests were diluted to a final volume of 50 mL with ultrapure DI
water. Tissue concentrations of Al, Ca, Fe, K, Mg, Mn, and P were quantified by
inductively coupled plasma optical emission spectroscopy (Agilent, Santa Clara, CA)
which was calibrated with a mixed standard. Standards for Ca and K analysis were
prepared in 1% nitric acid, and standards for Al, Fe, Mg, Mn, and P were prepared in 5%
nitric acid. The calibration was verified every twenty samples, and a continuing
calibration blank and internal verification were analyzed every 20 samples. Samples of
apple leaves standard reference material (NIST SRM 1515, Millipore Sigma, Burlington,
MA) were additionally digested and analyzed to calculate percent recovery.

6.3.7 Soil Sampling
Soil samples were collected three times each growing year — at corn planting, at corn
harvest, and at wheat harvest — from the side of the mesocosm so as to not remove soil
in the root zone or near the mini-rhizotron viewing tubes. A 50 mL conical vial was cut at
the 5 mL mark to make a small corer for each mesocosm. The tube was inserted to the 50
mL mark to retrieve an a ∼45 g soil sample that was stored in a plastic whirlpak. The
tube was reinserted into the soil with the cap on to seal the sampling hole and limit
preferential water flow. Of the sample collected an ∼5 g sub-sample was placed in a 15
mL conical vial, covered with a Kim wipe, and frozen (-20 °C) within thirty minutes of
collection for PLFA analysis. The PLFA sub-sample was later lyophilized and stored at 143

80 °C until processing for PLFA. The soil sample was air-dried at room temperature
before further processing. A ∼25 g sub-sample was ground and sieved (< 2 mm) before
being sent to University of Kentucky Regulatory Service for analysis (pH, Mehlich-III
extractable nutrients, %N, and %C). Any remaining sample was archived at room
temperature.
In Year 1, a sample was not collected at corn planting to determine soil fertility.
Rather, a soil incubation was conducted because treatments had not been established and
all mesocosms by soil series were fertilized the same. A 50 g soil sample (n=5 per soil
series) was placed in a sterile incubation cup and limed with Ca(OH)2 according to the
initial soil test data. Samples were brought to 60% water holding capacity with ultrapure
DDI water and placed without lids in an incubator (Labline Imperial III, Melrose Park, IL
at 25 °C. Three days after liming, a fertilizer solution of NH4NO3 and K2SO4 was
prepared for both the Maury and Sadler samples according to the initial soil test data and
added to the soils. Water was added to the cups daily to maintain 60% water holding
capacity based on mass. After fourteen days from the start of the incubation, the samples
for each soil series were compiled and sent to UK Regulatory Services for analysis.
Two months after the corn harvest in Year 3 a full-depth soil core was collected
through the rooting zone. A soil corer (2.54 cm inner diameter) was used to collect soil in
15-cm segments for four samples per mesocosm. Any roots were manually removed from
the sample. An ∼5 g sub-sample was placed in a 15 mL conical vial, covered with a Kim
wipe, and frozen (-20 °C) within thirty minutes of collection for PLFA analysis. The
PLFA sub-sample was later lyophilized and stored at -80 °C until processing.
144

6.3.8 Hedley Sequential Fractionation for P
Samples from the full core were sequentially extracted for inorganic P following the
Hedley procedure (Hedley and Stewart 1982) with modification. Briefly. 0.5 g of airdried soil was added to a 50 mL conical vial. An activated (0.5 N HNO3 for 12 hours and
then 0.5 M NaHCO3 until use) anion exchange membrane (4 cm x 10 cm; CTL Scientific
Supply Company, Deer Park, NY) was added to each vial with 30 mL of ultrapure DI
water. Vials were placed on a flatbed orbital shaker (Barnstead International, Dubuque,
Iowa) for 16 hours at 110 rpm. Resin strips were transferred to a separate 50 mL conical
vial with 30 mL of 0.2 N HNO3 for 24 hours. The resin strips were removed, and the
solution was retained. Vials containing the soil-water solution were centrifuged with an
Eppendorf 5810R centrifuge (Eppendorf, Hamburg, Germany) at 3800 rpm for 50
minutes. The supernatant was discarded, and 30 mL of 0.5 M NaHCO3 was added to the
vials. The vials were returned to the shaker for 16 hours at 110 rpm. The slurry was
centrifuged at 3800 rpm for 50 minutes. The supernatant was transferred to a separate
conical vial and retained for analysis. Phosphorus sorbed to the anion exchange
membrane is representative of inorganic P that is readily available to be taken up by
roots, and the NaHCO3 extractable P represents P that would replenish that readily
available pool. Together, the resin and bicarbonate pools represent plant available P.
Inorganic orthophosphate concentration was quantified by ICP-OES (5110, Agilent,
Santa Clara, CA) which was calibrated with known standards. Resin samples were
calibrated with standards prepared in 0.2 N HNO3, and bicarbonate samples were
calibrated with standards prepared in 1% v/v HNO3. The calibration was verified every
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twenty samples. An internal standard of yttrium was continuously analyzed to test for
instrumental drift and matrix effects. The ICP was run with boost purge engaged during
the analysis of bicarbonate samples to account for the dilution, which dropped the
detection limits to 2 μg L-1.

6.3.9 PLFA Analysis
Fatty acid methyl esters (FAMEs) were extracted from the depth-incremented soil
cores taken in Year 3 following the high-throughput methods described by Buyer and
Sasser (2012). FAMEs were extracted from lyophilized soil samples in Bligh-Dyer
extractant containing internal 19:0 standard by first sonicating for 10 minutes in an
ultrasonic bath at room temperature followed by incubation on an end-over-end rotator
for 2 hours. The slurry was centrifuged for 10 minutes in a SpeedVac (Labconco Kansas
City, MO) after which the liquid phase was carefully transferred to a clean vial and 1.0
mL each of chloroform and DI water was added. The sample was vortexed for 10 seconds
and then centrifuged for 10 minutes as described previously. The top phase was then
aspirated, and the lower phase dried in the SpeedVac under vacuum at 30 °C. The dried
powder was dissolved in 1 mL chloroform in preparation for lipid separation by solid
phase extraction (SPE) using pre-conditioned (with methanol and chloroform) 96 well
SPE plates (Phenomenex, Torrance, CA). Phospholipids were eluted into a 1.5 mL multitier microplate (E&K Scientific, Santa Clara, CA) with 0.5 mL of a fresh 5:5:1,
methanol:chloroform:H2O mixture and then dried in the SpeedVac at 70 °C for 30
minutes followed by 37 °C until dry. Transesterification reagent (0.2 mL) was added to
the dried powder. The plate was incubated at 37 °C for 15 minutes. Acetic acid (0.075 M)
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and chloroform (0.4 mL) where added, the plate capped and vigorously shaken, and the
phases were allowed to separate. The bottom (chloroform) portion was transferred to a 1
mL multi-tier microplate and evaporated to dryness in the SpeedVac at room
temperature. The powder was redissolved in 0.75 mL of hexane and transferred to gas
chromatography (GC) vials with limited-volume inserts in preparation for
chromatography.
FAME concentrations were determined using an Agilent 7890 GC (Agilent
Technologies; Wilmington, DE) equipped with auto sampler and flame ionization
detector controlled by MIS Sherlock® (MIDI, Inc., Newark, DE) and Agilent
ChemStation software. FAMEs were separated on an Agilent 7693 Ultra 2 column (25 m
long x 0.2 mm internal diameter x 0.33 µm film thickness) with a column split ratio of
30:1 using ultra-high-purity hydrogen gas at a flow rate of 1.2 mL min-1. The oven
temperature was 190°C, ramping to 285 °C for 10 min and then 310 °C for 2 minutes at a
rate of 10 °C min-1 and 60 °C min-1, respectively. FAMEs were identified using the MIDI
PLFA calibration mix. Concentrations and percentages were calculated using the peak
naming table of the Sherlock® microbial identification system.

6.3.10 Root Image Collection and Analysis
Every two weeks throughout the growing season for both corn and wheat, root scans
were collected for each root imaging tube using a CI-600 root imager (CID Bio-Science,
Inc., Camas, WA). Two scans were collected per imaging tube at 300 dpi. Imaging
libraries were created for each imaging tube in RootSnap! (CID Bio-Science), and roots
were traced throughout the growing season. Following harvest, roots were removed from
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the images as they decomposed. Root parameters reported for each image are average
diameter, root length, surface area, volume, and root number. Because two scans were
collected per imaging tube, the data was summed across the two images to report the total
parameter per imaging tube (soil horizon).

6.3.11 Gas Flux Measurements
Gas flux was computed weekly for each mesocosm using carbon dioxide
concentrations measured with a Gasmet DX4040 Fourier transform infrared (FTIR)
spectrophotometer (Helsinki, Finland). Six readings were taken per mesocosm. The first
measurement was discarded and not used for calculations because it contained residual
gas from the previous mesocosm. Therefore, five measurements were used for the
calculation. Carbon dioxide concentration increased linearly, so linear slope was used to
calculate flux according to Equation 6.1.

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑚𝑚𝑚𝑚 𝑚𝑚−2 ℎ𝑟𝑟 −1 ) = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ×

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑚𝑚3 )
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑚𝑚2 )

× 𝛼𝛼 × 60 𝑚𝑚𝑚𝑚𝑚𝑚 ℎ𝑟𝑟 −1

(Eq 6.1)

The alpha value in Equation 6.1 is a volume to mass conversion needed to express gas
flux in the appropriate units (mg m-1 hr-1). Alpha was calculated according to Equation
6.2. This equation and all constants were obtained from (Parkin and Venterea 2010).

𝛼𝛼 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑎𝑎𝑎𝑎𝑎𝑎) × 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚 −1 )
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑡𝑡 (𝐿𝐿 𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚 −1 𝐾𝐾−1 ) × 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝐾𝐾)

(Eq 6.2.)

where atmosphere pressure = pressure at the elevation of Lexington, KY, 0.965 atm
mass = molar mass of carbon dioxide, 44.02 g mol-1
ideal gas constant = 0.08206 L atm mol-1 K-1
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temperature = soil temperature in K
All gas flux measurements were adjusted for baseline microbial respiration by
subtracting the carbon dioxide flux from the appropriate control mesocosm. In this
manner, the carbon dioxide flux reported reflects root respiration, increased microbial
respiration, and decomposition of soil organic matter.

6.3.12 Statistical Analysis
Soil temperature, soil volumetric moisture content, and carbon dioxide flux were
analyzed using general additive models (GAM). This was the best model option to
ascertain differences in these measurements due to cropping rotation within soil series
because day of the growing year and the measured variable are non-linearly related.
Further, no mechanistic model or theory as to the relationship is needed. GAMs relate
variables using a smoothing value, in this case a spline, that is estimated based on the
data rather than a coefficient. All GAM analyses were computed in RStudio (v4.0.2, R
Core Team, 2020) using the mgcv v1.8 (Wood 2011) and the itsadug v2.4 (van Rij et al.
2020) packages. For soil temperature and volumetric water content, data was analyzed
separately by soil series and horizon. The daily average value was used rather than the
hourly values collected. The cropping treatment (fallow, corn, wheat, and rotation) was
used to generate separate splines, and the GAM model with the overall lowest AIC value
for each was used for analysis. A separate spline term (k) was added to account for the
random effect of replication and was set to the number of replicates per treatment (n=3,
k=3). The model parameters are shown in Table 6.2. Post-hoc comparisons of model
predictions for each treatment were conducted using a non-parametric Wald test.
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Volumetric water content and temperature was analyzed separately by growing year. Gas
flux data from all growing years was analyzed together.
Root decomposition was evaluated by change in root length, area, and volume.
Percent remaining for each of the variables was calculated for the time points after
harvest and used for modeling rather than raw measurements to reduce variability
between mesocosms of the same treatment. Decomposition was modeled with linear
regression in RStudio in which decomposition was a function of days after harvest, soil
horizon, treatment, and all interactions. Slopes were compared pairwise within soil series.
Data was analyzed separately for each growing year.
The remaining soil, plant nutrient content, harvested biomass, and estimated yield
data was analyzed with SAS 9.4 (Statistical Analysis Systems, Cary, NC). Data sets were
first assessed for normality by PROC UNIVARIATE analysis using the Shapiro-Wilk
test (α=0.05). The majority of variables were not normally distributed, so PROC
GLIMMIX which does not require the assumption of normality was used for further
analysis. To improve statistical power, soil physicochemical data, harvested biomass,
estimated yield, and tissue nutrient content were analyzed by two-way ANOVA with
only the interaction term of soil*treatment in the model. Soil Hedley P-fractions were
analyzed with a two-way ANOVA in which depth, treatment, and depth*treatment were
explanatory variables. In all analyses, replicate was specified as a random effect. Means
were separated using a post-hoc Tukey’s honest significant difference (HSD) test
(α=0.05). Soil physicochemical, plant nutrient content, harvest biomass, and estimated
yield data was analyzed separately by growing year/crop. Hedley P fractions were
analyzed separately by soil type.
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Microbial community structure was analyzed in PC-ORD (version, 6.08, MjM
Software, Gleneden Beach, OR) using Hellinger transformed (Ramette 2007) microbial
biomarker group concentrations in autopilot mode using Sorensen (Bray-Curtis) distances
and slow and thorough settings. A multi-response permutation procedure (MRPP) was
used with a relative Sorenson distance measure of the PLFA matrix to evaluate if crop
treatment (fallow, corn, wheat, and rotation) and soil depth increment (0-15 cm, 15-30
cm, 30-45 cm, and 45-60 cm) affected microbial community structure. MRPP is a nonparametric procedure in which the resulting A-value describes how similar samples are
within a group (i.e., chance-corrected within group agreement), and the p-value evaluates
how likely an observed difference is due to chance. Groups are identical if the A-value =
1, whereas an A-value = 0 indicates the heterogeneity of the groups is higher than
expected by chance alone. A low p-value (e.g., p < 0.05) and A-statistic > 0.1 indicates
that the differences in microbial community structure detected between the predefined
grouping variables (e.g. crop treatment and soil depth increment) are greater than would
be expected by chance (McCune and Grace, 2002). The p-values were corrected for
multiple comparisons using the Benjamini and Hochberg (1995) approach with a false
discovery rate of 0.10.

6.4 Results and Discussion
6.4.1 Influence of Soil and Treatment on Root Growth
Root diameter was lower in Year 1 compared to Year 2 and Year 3 (Table 6.3). In
Year 1, there was an error in which RootSnap! did not set the diameter on added root
length. Because diameter is used to calculate root area and volume, differences in root
area and volume are attributed to the issue with diameter. Given that Year 2 and Year 3
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were statistically similar for these parameters we assumed that the observed differences
in Year 1 are because of this error. Therefore, significant differences in root diameter,
area, and volume as a result of year will not be discussed further.
Most studies either do not report root morphological parameters, such as diameter, or
find no influence of crop rotations on morphological parameters (Głąb et al. 2014).
Occasionally differences in diameter are reported with crop rotation (Monaci et al. 2017).
However, root diameter is impacted by the needed mechanical strength for penetration
(Goodman and Ennos 1999; Materechera et al. 1992) or even the type of amendments
applied (da Costa et al. 2018). The difference in root diameter reported by Monaci et al.
(2017) is likely due to the differences in tillage used for the two crop rotations or
difference in amendments between rotational treatments. In the two years of this study in
which root diameter measurements accurately reflect the root system, there was no
influence of treatment on diameter.
There were no differences in root growth in the Maury soil with respect to treatment
in either the A or B horizon (Table 6.3). In the Sadler soil, there was no impact of
treatment on root number or length. Root number varied with year in both the A and B
horizon. In the A horizons the greatest number of roots was identified in Year 2 (856). In
Year 1 and Year 3 (Figure A4.1 and Figure A4.3), 602 and 757 roots were observed. In
the B Horizon, there were equal number of roots identified in Year 2 and 3 (864 and 861)
(Figure A4.2 and Figure A4.3). 416 roots were observed in Year 1 (Figure A4.1).
However, there was no significant difference in the overall root length in either horizon
with year (Table 6.3, Figures A4.4-6). As root number reflects branching, this suggests
there was a greater degree of branching in Year 2 and 3 compared to Year 1. The
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increased number of roots in the Sadler B horizon in later year suggests former root
channels were explored for water or nutrient access and also suggests improved plant
functioning as carbon was invested in root mass (Lynch and Ho 2005).
Studies do frequently report differences in root distribution with crop rotations.
Differences in root distribution in rotation may be impacted by similarity of root systems.
For example, wheat root length inside biopores was greater following chicory (Cichorium
intybus L.) in comparison to tall fescue (Festuca arundinacea Schreb.) (Han et al. 2015).
Roots of corn grown in rotation have been positively correlated with the root distribution
of the preceding alfalfa crop through the recolonization of root-induced macropores and
channels from decomposing alfalfa roots (Rasse and Smucker 1998). Rasse and Smucker
(1998) found 41% of corn roots grown in rotation and 18% of roots in continuous corn
recolonized the preceding crop’s root channels. A twelve year rotational study found that
the rotation type influenced root distribution in terms of root weight density and number
of winter wheat root tips with depth (Monaci et al. 2017). In this study, winter wheat
roots frequently grew beside decaying corn roots and new corn roots would grow within
or alongside the old root channel in the rotation treatment. However, the incidence of
recolonization in this study was not quantified but simply observed. Recolonization of
root-induced macropores and channels can be beneficial as it influences water movement,
nitrate leaching, exploration of the soil profile, absorption of mineralizable products
released by decaying roots, and contact with pathogens, disease, and microbes (Rasse and
Smucker 1998). Because root-induced macropores can influence many parameters, the
cover crop may create a unique environment that addresses a particular need in that
system. For example, forage radish (Raphanus sativus L.) benefitted corn root penetration
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while rye improved corn root access to surface soil water and rapeseed (Brassica napus)
provided both benefits (Chen and Weil 2011). It is hypothesized that decreased
recolonization of former roots channels in monocrop systems is related to disease
(Smucker 1993). Therefore, greater yields reported in rotational systems could be the
result of a larger rhizosphere microbial community with fewer developed niches and a
lower incidence of root disease (Smucker 1993).

6.4.2 Influence of Soil and Treatment on Root Decomposition
The experimental design controlled many factors that could impact root
decomposition. Throughout the entire experiment, soil temperature did not differ between
treatments within a given horizon by soil series (Figures A5.1 - A5.12). All mesocosms
were watered equally throughout the experiment. However, water content did vary by
treatment as a result of crop uptake and the water holding capacity of the soil horizons
(Figures A5-13 - A5-24). Soil pH did not vary with treatments and soil series (Tables 6.76.12) and bulk soil nutrient concentration, with the exception of P, only varied with the
timing of specific crop growth. For example at corn harvest, the corn and rotation
treatments were similar to each other whereas the fallow and wheat treatments, which had
not grown crops, were similar to each other. By the time of wheat harvest, all cropped
treatments were similar to each other within soil series (Tables 6.6-6.11). While
fertilization can impact root turnover (Fornara et al. 2020), fertilization was done only at
corn planting each year so as not to influence turnover during the winter fallow/cover
crop period. Root traits which could impact decomposition could not be controlled. It
could be assumed that within soil series roots would be similar as they have access to the
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same nutrient content. Additionally, all plants were harvested at approximately the same
stage each year, and roots should theoretically have the same degree of lignification.
In both soil series, the horizon in which the roots were found influenced their
decomposition (Table 6.4, Figures A6.1-9). Overall, roots in the B horizons decomposed
more quickly than those in the A horizon in Years 1 and 2. In the Maury soil, root length
decreased 1.6 times faster on average in the B horizon compared to the A horizon
regardless of treatment in Year 1. Average decomposition rates differed by a factor of
1.8, 2.5, and 3.7 for length, area, and volume in Year 2. The same trend was found in
Sadler soil. Average decomposition rates for length, area, and volume differed by factors
of 1.9, 2.4, and 3 in Year 1 and 1.8, 1.9, and 2.4 in Year 2 between the A and B horizons.
There were no differences in decomposition in Year 3.
Greater root turnover with depth has been reported (Rasse and Smucker 1998). In this
experiment greater turnover in B horizons of both soils can be attributed to several
factors, including root order, soil organic carbon, nitrogen, and water content. All of these
influence decomposition differently and are hypothesized to influence root turnover
uniquely in each soil series. The B horizon contains both lower order roots and an overall
greater number of lower order roots in comparison to the A horizon. Lower order roots
have a lower C:N ratio, greater nitrogen concentration, and lesser concentrations of
nonstructural carbohydrates, cellulose, and suberin than higher order roots which overall
promotes greater decomposition (McCormack et al. 2015). Average root diameter
generally increased with time following harvest, which indicates fine root turnover
(Figures A6.13-15). Soil organic carbon and nitrogen varied between soil horizons. The
Maury and Sadler A horizon contained 3.2 times and 3.0 times greater N than their
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respective B horizons (Table 6.5). Total nitrogen was 2.9 times and 3.5 times greater in
the Maury and Sadler A horizons respectively compared to the B horizons (Table 6.5).
Water content impacted root turnover differently in the two soils. Greater root
turnover in the Sadler B horizon can also be attributed to greater water content compared
to the A horizon in Year 1-3. Volumetric water content in the A horizon was
approximately 20% in all years regardless of treatment (Figures A5.14, A5.18, A5.22)
whereas water content in the B fluctuated between 20 and 30% throughout the
experiment (Figures A5.16, A5.20, A5.24). Greater water content can promote increased
turnover with depth. Increased root turnover in a B horizon (38 cm depth) of a native
grassland ecosystem was attributed to increased water availability (Castanha et al. 2018).
Liu et al. (2021) also found root decomposition increased across a precipitation gradient.
While temperature has widely been regarded as the most probable control on
decomposition, both studies found that increasing temperature did not result in greater
root turnover. There was no effect of temperature in wet conditions, but increasing
temperatures resulted in decreased root turnover in dry conditions, which was attributed
to exacerbating moisture limitations (Castanha et al. 2018; Liu et al. 2021).
While increasing water content can promote greater decomposition, this does not
explain differences in decomposition in the Maury A and B Horizons. Unlike the Sadler
soil series, the Maury B horizon had a lesser water content than the A horizon.
Volumetric water content in the Maury A horizon fluctuated between 20%-35% in Years
1-3 (Figures A5.13, A5.17, A5.21) whereas the B horizon fluctuated between 20-25%
(Figures A5.15, A5.19, and A5.23). Root decomposition has been reported to decline
with increasingly wet soil conditions, although this is generally reported only in soils
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which become anoxic following flooding events (Conn and Day 1997; Neckles and Neill
1994). However in a grassland system von Haden and Dornbush (2014) observed an
approximately 15% decrease in fine turnover when volumetric water content increased
from 30% to 40%. Increasing soil moisture content has been linked to greater soil carbon
content (Euliss et al. 2006; Lane and BassiriRad 2005; von Haden and Dornbush 2014).
The C content of the Maury A was 1.94% at the beginning of the experiment (Table 6.5),
and the various Maury treatments had C content ranging between 2.07% and 3.0%
throughout the experiment (Tables 6.6-6.11). These C contents were consistent with those
reported by von Haden and Dornbush (2014) in their experiment. The increased water
content and C content in the A horizon compared to the B horizon likely resulted in the
differences in decomposition.
Root turnover varied with treatment (corn v. rotation) in Year 1 in the Maury soil
only (Table 6.4). In the B horizon root length, area, and volume decreased 1.4, 1.7, and
2.9 times more slowly in the rotation treatment. In Year 2 and 3 there was no impact of
rotation in the Maury soil. The rotation treatment of the B horizon was drier than the corn
B horizon in Year 1 (Figure A5.15). However, the rotation B horizon was also drier than
the corn B horizon in Year 2 and 3 (Figures A5.19 and A5.23). There were no differences
in temperature that would explain similar rates in turnover despite drier soil conditions
(Figures A5.3, A5.7, and A5.11).
Even though the rotation B horizon was drier than that of the corn B horizon,
differences in nutrient availability may have driven decomposition in Year 2. In Year 2,
the winter wheat crop from the rotation treatment contained less K and P than that of the
wheat treatment (Table 6.15). It is possible that the need for these nutrients may have
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resulted in root decomposition despite drier soil conditions. This is supported by the
Hedley P data in which the Maury rotation treatment contained less resin-extractable and
bicarbonate-extractable P compared to both the corn and wheat treatments (Table 6.12-13
and Figures 6.3-4). The slower turnover of roots in the rotation treatment is important as
it could be a useful mechanism for retaining carbon and nutrients in the soil (Fan and Guo
2010), and therefore be used to support the next crop.

6.4.3 Influence of Soil and Treatment on Biomass Quality
Despite rotational treatments producing two crops in a single year, nutrient content of
corn in the rotation treatments was not negatively impacted. Under the greater fertility
conditions of the Maury soil compared to the Sadler soil, the rotation treatment resulted
in a greater accumulation of nutrients released during root decomposition in Year 2 and
Year 3. In Year 2, corn from the Maury rotation treatment contained significantly more
Ca (1868 v. 43 mg kg-1), Mg (593 v. 417mg kg-1), and K (593 v 417 mg kg-1). Bulk soil
concentrations of Ca (1864 v 1904 mg kg-1), Mg (78 v 83 mg kg-1), and K (87 v 85 mg
kg-1) at corn harvest did not differ between rotation and corn treatments (Table 6.14).
Tissue Ca content was also greater in the rotation treatment (1859 v 1182 mg kg-1) in
Year 3 and again did not correspond with differences in bulk soil Ca concentration (4610
v. 2936 mg kg-1) at harvest.
Nutrient content of the winter wheat cover crop was not negatively impacted by the
rotation treatment in the Sadler soil in any year (Table 6.15). Wheat produced in the
Maury rotation treatments had lesser K (691 v. 2167 mg kg-1) and P content (183 v. 109
mg kg-1) compared to the wheat treatment. Bulk soil K concentration in the rotation
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treatment (85 v. 164 mg kg-1) was approximately two times less than the wheat treatment
at corn harvest that year, indicating the wheat crop began growth at differing soil K
levels. However at harvest, the bulk soil K concentrations were statistically similar (107
v. 157mg kg-1). Bulk soil P concentration did not differ at time of corn harvest (164 v.
164 mg kg-1) or wheat harvest (171 v 175 mg kg-1) and does not explain differences in
wheat tissue P content.
Decomposition of roots releases K, Ca, and Mg into soil solution through lysis of
fresh cells at the time of harvest and further decomposition of the decaying roots. These
elements are readily mobile and can leach from the soil upon release unless complexed
by clay minerals. Increases in tissue K have been observed in rotations similar to the one
in this experiment (Feng 2020).The greater root turnover of roots in the B horizons of the
corn treatment in both soil series would likely result in the leaching of mobile elements
before the next crop was planted. While roots in the B horizon did decompose more
quickly than roots in the A horizons, winter wheat roots in the rotation treatments would
be capable of taking up readily leached elements.
Cover crops can accumulate large amounts of mobile nutrients and prevent leaching
deep into the soil profile (Wendling et al. 2016). For example, one study found barley,
rye, and winter can prevent 50-95% of nitrate leaching depending on rainfall (Meisinger
and Ricigliano 2017). Numerous studies, as summarized by Blanco-Canqui (2018), have
reported significant reductions in N leaching with a variety of winter cover crops. Lesser
attention generally has been given to other mobile elements. However, one intensive
screening found that cover crops can accumulate significant amounts of numerous mobile
nutrients in their shoots— 120 kg ha-1 N, 30 kg ha-1 P, 190 kg ha-1 K, 200 kg ha-1 Ca, and
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31 kg ha-1 Mg (Wendling et al. 2016). High concentrations of these macronutrients were
also found in cover crop roots, such as 20 kg ha-1 N, 1.4 kg ha-1 P, and 3.8 kg ha-1 K in
foxtail millet (Setaria italica L.) (Wendling et al. 2016), indicating the potential of cover
crops to retain mobile nutrients released during root decomposition. The increased
nutrient content of Maury corn in rotation compared to the corn only treatment is
indicative of the uptake of nutrients released during root decomposition, which is
supported by the differences in root decomposition.

6.4.4 Influence of Soil and Treatment on Estimated Yield
Corn biomass, estimated yield, and nutrient content indicates that the use of a cover
crop does not result in a yield gap, which is supported by the findings of Cates and
Jackson (2019). Corn produced three times more biomass in Maury treatments compared
to Sadler treatments (Table 6.16). This was expected given the differences in the soils.
While both soils were watered equally and fertilized for all macronutrients other than P
according to soil test recommendation, the Mehlich-III P content of the two soils differed
greatly. The Maury A horizon (173 mg kg-1) and B horizon (269 mg kg-1) contained 15
and 108 times more Mehlich-III P than the Sadler A horizon (11.5 mg kg-1) and B
horizon (2.5mg kg-1). Maury and Sadler treatments produced equivalent estimated yield
in Year 2 and Year 3, most likely due to poor pollination as a result of experimental
design.
Ears had few kernels in Year 1 because overhead fans malfunctioned preventing good
air circulation necessary for pollen transfer. While there was better airflow in Year 2 and
3, there were still poor pollination for several reasons. First, the direction of air flow in
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the greenhouse prevented plants at the back of the greenhouse, such as Maury Rotation 3
and Sadler Rotation 2 (Figure 6.2), from receiving pollen. The plant from Maury Rotation
3 did not produce ears with kernels in any year, and the plant from the Sadler Rotation 2
mesocosm only produced a few kernels in Year 3. A difference in growth rates also
prevented good pollination. Corn plants in both Sadler and Maury soils grew at similar
rates up to V6 but diverged afterwards. Maury corn plants reached growth stages VT
through R2 10-12 days earlier than Sadler corn plants in all growing years. Additionally,
plants toward the back of the greenhouse grew slower than those at the front of the
greenhouse, typically 2-3 days delayed for each growth stage. Therefore pollen was not
shedding at appropriate times to ensure good pollination, especially considering R2
occurs 10-12 days after R1 (Abendroth et al. 2011). Lastly, plants exhibited rapid growth
syndrome, in which leaves do not unfold at the same rate at which the plant is growing
and a twisted whorl is produced. While impacts to the plant are generally not limiting but
are usually aesthetic, such as crinkled leaves, the timing of the syndrome limited pollen
shed (Nielsen 2019). In all years, the syndrome occurred at V12 and the tassels were
almost always tightly wrapped, which prevented pollen shed. Therefore, the results of
estimated yield should not be interpreted as evidence that the Maury and Sadler soils will
produce 10-13 Mg hectare-1 corn without P fertilization.

6.4.5 Influence of Soil and Treatment on Carbon Dioxide Emissions
There were measurable differences in carbon dioxide gas flux mid-way through corn
growth each year to a few weeks after corn harvest. In the Maury soil, carbon dioxide gas
flux was elevated in the corn and rotation treatments compared to the wheat treatment
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between days 277-348 and 259-348 (Figure 6.5). This time period corresponds with the
V11 and V6 stage of corn, respectively, to two weeks after harvest in Year 2. In the
Sadler soil, carbon dioxide gas flux was elevated in the corn and rotation treatments
compared to the wheat treatment between days 250-348 and 268-339 respectively (Figure
6.6). This time period corresponds with the V5 growth stage of corn to two weeks after
harvest in Year 2. Flux was elevated again in the Maury corn and rotation treatments
compared to the wheat treatment between days 597-704 and 606-713 respectively. This
time period corresponds with the V2 stage of corn to two weeks after harvest in Year 3.
Flux was also elevated in the Sadler corn and rotation treatments compared to the wheat
treatment between days 597-695 and 589-695 respectively. This time period corresponds
with the V3 and V2 stage of corn to two weeks after harvest in Year 3.
In the Sadler soil, there were also differences between the treatments. The corn
treatment had a statistically lower carbon dioxide gas flux compared to the rotational
treatment between days 277-312, which corresponds with the V7 through R1 growing
stage in corn in Year 2 (Figure 6.6). The corn treatment had a statistically higher carbon
dioxide gas flux compared to the rotational treatment between days 606-660, which
corresponds with the V2 through R1 growing stage in corn in Year 3.
Cumulative carbon dioxide gas flux was additionally calculated for Year 1-3 (Figures
6.7 - 6.8). In the Maury soil, the corn and rotation treatments had significantly higher
cumulative flux beginning with day 143 and 188 respectively. Day 143 is during the
wheat growing season in Year 1, and day 188 is during the fallow period between wheat
harvest of Year 1 and corn planting of Year 2. The gas flux from these treatments was
greater than that of the wheat treatment through the end of the experiment in Year 3. The
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Maury corn treatment had an elevated gas flux compared to the rotation treatment
beginning on day 223, which was the time in which the soils were prepared for corn
planting for Year 2. By the end of the experiment, the corn treatment emitted 2,247 more
mg CO2 m-2 hr-1 than the rotation treatment. In the Sadler soil, the corn and rotation
treatments had significantly higher cumulative flux beginning with day 277 and 268
respectively. Day 277 and 268 correspond with the corn plants reaching V11 and V8
Year 2 respectively. The gas flux from these treatments was greater than that of the wheat
treatment through the end of the experiment in Year 3. The Sadler corn treatment had a
depressed gas flux compared to the rotation treatment beginning on day 321-562. The
time period begins with the R2 growth stage of corn in the rotation treatment in Year 2
and terminates on the day in which the soil was prepared for corn planting for Year 3. By
the end of the experiment, the corn and rotation treatments emitted the same amount of
carbon dioxide.
Elevated flux during the corn growing season is representative of root respiration,
increased microbial respiration, and decomposition of roots and/or soil organic matter.
All of these responses are part of rhizosphere priming, which is the change in soil organic
matter decomposition due to plant root activity principally rhizodeposition (Kuzyakov
2002). Rhizosphere priming is complex, and seven mechanisms contribute to the overall
rhizosphere priming effect (Kuzyakov 2002). The differences in carbon dioxide flux
should not be interpreted to mean that there was a greater priming effect in the Maury soil
compared to the Sadler soil as the different mechanisms of priming can either increase or
decrease emissions of carbon dioxide (Dijkstra et al. 2013). For example uptake of
soluble organic substances in significant quantities can decrease microbial activity
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because of reduced C sources, and therefore a decrease in soil organic matter
decomposition (Reid and Goss 1983; Sparling et al. 1982). Additionally, N uptake can
limit microbial growth and decrease SOM decomposition (Bottner et al. 1999; Jingguo
and Bakken 1997; Schimel et al. 1989). These mechanisms may explain why the Maury
corn treatment did not have a significantly higher flux compared to the fallow wheat
treatment until V11 during Year 2 of corn growth. The microbial community can be
activated through the release of various exudates that lead to an increased decomposition
of SOM which releases N and other nutrients (Cheng and Coleman 1990; Sallih and
Bottner 1988). This can partially explain increases in carbon dioxide flux throughout the
growing season. However, the Sadler soil did not emit as much carbon dioxide
throughout the growing season despite the need for P that could be liberated through the
decomposition of SOM and old roots. This is because organic P is released through
hydrolysis which does not produce carbon dioxide (McGill and Cole 1981). Therefore,
the decrease flux in the Sadler treatments compared to the Maury treatments may indicate
SOM decomposition for P. This is consistent with the Hedley soil fractions in which
there was not a significant difference in the available P pools in the corn and rotation
treatments compared to the wheat and fallow treatments, despite the rotation treatment
producing two crops each year of similar quality to the single crop treatments.

6.4.6 Influence of Soil and Treatment on Soil Microbial Community
The NMDS for the soil cores from the Maury mesocosms resulted in a 2D solution
with axis 1 and 2 explaining 97% of the variability and a final stress of 7.59 (Figure 6.9).
The soil microbial community did not differentiate by treatment, but instead, they depth
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which separated primarily along axis 1 which explained 73% of the variability. All
treatments within the 0-15 cm sampling depth were similar while the microbial
communities within the 15-60 cm sampling depth were similar. The correlation vectors
indicate that separation in these communities is correlated with greater resin-extractable
and bicarbonate-extractable P content in the 15-60 cm depth and greater abundance of all
microbial groups in the 0-15 cm depth. The Maury A and B horizon had a similar number
of roots (Figure A4.1-A4.3). Roots in the A horizon likely extracted more P and provided
more exudates to support a greater microbial community than at increasing depth.
The NDMS for the soil cores from the Sadler mesocosms resulted in a 2D solution
with axis 1 and 2 explaining 96% of the variability and a final stress of 8.97 (Figure
6.10). As with the Maury mesocosms, the soil microbial community differentiate not by
treatment, but instead by depth. Unlike the Maury mesocosms, the microbial community
in the 0-30 cm depth were similar but separated from the microbial communities in the
30-60 cm depth. The correlation vectors indicate that separation in the communities is
correlated with greater microbial biomass in the 0-30 cm depth and, opposite to what we
found for the Maury profile, increased resin-extractable and bicarbonate extractable P.
The Sadler A horizon had a greater number of roots compared to the B horizon (Figure
A4.1-A4.3). It is possible that Sadler corn plants explored more of the A horizon which
supported a greater microbial community and the A horizon that led to P liberation.
The lack of separation by treatment is likely a result of sampling time. The cores were
not collected until three months after corn harvest. PLFA analysis is sensitive to actively
growing microbial communities because the lipids used to assess community structure
decompose quickly. Therefore, we are likely measuring the core microbial community of
165

the two soils with depth and are not seeing the effect of the cropping treatment. Further
analysis of the event based PLFA samples (i.e., those collected at harvest) would better
determine if there was a separation in microbial communities, especially between the
rotation treatment and the monocrop treatment at the same harvest.

6.5 Conclusions
Crop rotations have been used by producers for positive benefits, including yield
increases, disease suppression, and weed control. In this study, there were no negative
impacts of crop rotation on plant nutrient content and biomass within soil series. This
study does advance the understanding of crop rotation on nutrient cycling through the
addition of root decomposition of native-grown intact root systems. In both soils, root
decomposition occurred more rapidly in the B horizons. Such findings suggest that
simply placing roots deeper in the soil does not result in less decomposition. The low N
and C content of both B horizons and the low P content of the Sadler B horizon likely
drove decomposition under the moist soil conditions. There were no differences in the
resin-extractable and sodium bicarbonate-extractable inorganic P pools between the corn
and rotation treatments in the Sadler soil. This suggests that root decomposition was
providing P to the crop in the rotation treatment. This work supports the idea that C, N,
and P cycling are tightly coupled under low fertility conditions and provides evidence
that root decomposition can play a substantial role in P cycling under low fertility
conditions.
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Table 6.1. Planting and termination dates for mesocosms with corn and/or winter wheat
in Year 1-3.
Corn Planting

Corn Harvest

Wheat Planting

Wheat Harvest

Year 1

July 10, 2018

October 23, 2018

November 16, 2018

March 27, 2019

Year 2

June 12, 2019

October 10, 2019

November 4, 2019

March 18, 2020

Year 3

May 21, 2020

September 9, 2020

---

---
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Table 6.2. Number of observations and splines of the GAM models used in the analysis
of soil temperature, soil volumetric water content, and carbon dioxide gas flux.
Year 1
# Obs.

Year 2
k

# Obs.

Year 3
k

# Obs.

k

Soil Temperature
Maury A

338

300

350

300

317

300

Maury B

338

300

350

300

317

300

Sadler A

338

300

350

300

317

300

Sadler B

338

300

350

300

317

300

Soil Volumetric Water Content
Maury A

338

50

350

40

317

90

Maury B

338

50

350

40

317

10

Sadler A

338

50

350

20

317

40

Sadler B

338

50

350

70

317

70

Carbon Dioxide Gas Flux - Weekly Models
Maury

107

80

---

---

---

---

Sadler

107

90

---

---

---

---

Carbon Dioxide Gas Flux - Cumulative Models
Maury

107

15

Sadler

107

15
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Table 6.3. Results of the two-way ANOVA of treatment and year on root growth
parameters at the time of corn harvest (� = 0.05). Significant results are bolded.
Treatment
F

Year
p

F

Treatment*Year
p

F

p

Maury - A Horizon
Number

0.49

0.4984

1.00

0.3973

0.06

0.9421

Length

0.08

0.7784

0.30

0.7475

0.00

0.9993

Volume

1.34

0.2719

20.38

0.002

0.68

0.5260

Area

0.00

0.9664

2.94

0.0951

0.18

0.8395

Diameter

0.10

0.7529

5.15

0.0265

0.05

0.9555

Maury - B Horizon
Number

1.08

0.3211

0.70

0.5192

1.60

0.2449

Length

0.77

0.3992

0.65

0.5409

0.50

0.6217

Volume

7.32

0.0204

45.73

<0.001

4.86

0.0308

Area

0.56

0.4706

19.05

0.0003

1.77

0.2157

Diameter

0.46

0.5142

12.99

0.0017

0.86

0.4515

Sadler - A Horizon
Number

4.48

0.0633

6.11

0.0211

0.24

0.7907

Length

1.70

0.2248

2.36

0.1497

0.43

0.6618

Volume

2.21

0.1714

18.97

0.0006

1.56

0.2612

Area

3.59

0.0907

10.56

0.0044

1.81

0.2180

Diameter

1.59

0.2395

9.49

0.0061

2.79

0.1142

Sadler - B Horizon
Number

0.03

0.8731

16.79

0.0021

1.60

0.2674

Length

0.10

0.7562

14.80

0.0031

2.66

0.1384

Volume

0.00

0.9494

11.38

0.0063

2.66

0.1385

Area

0.01

0.9100

16.79

0.0021

2.54

0.1484

Diameter

0.00

0.9820

4.53

0.0547

0.09

0.9106
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Table 6.4. Average rates of corn root decomposition under differing crop rotations by soil
horizon within soil series in Year 1-3. Decomposition rates not sharing the same
Maury
A Horizon

Sadler
B Horizon

A Horizon

B Horizon

Root Length (% day-1)
2018

2019

2020

Corn

-0.190 C

-0.346 A

-0.218 c

-0.433 a

Rotation

-0.179 C

-0.254 BC

-0.225 c

-0.399 ab

Corn

-0.138 C

-0.349 A

-0.151 a

-0.281 a

Rotation

-0.195 BC

-0.257 AB

-0.122 a

-0.215 a

Corn

-0.173 A

-0.285 A

-0.198 a

-0.285 a

Rotation

-0.255 A

-0.274 A

-0.190 a

-0.296 a

Root Area (% day-1)
2018

2019

2020

Corn

-0.197 ABC

-0.290 A

-0.206 cd

-0.441 a

Rotation

-0.131 BC

-0.166 B

-0.169 d

-0.345 ab

Corn

-0.093 B

-0.316 A

-0.125 a

-0.274 a

Rotation

-0.127 B

-0.248 A

-0.119 a

-0.200 a

Corn

-0.1556 A

-0.280 A

-0.196 a

-0.287 a

Rotation

-0.247 A

-0.281 A

-0.194 a

-0.298 a

Root Volume (% day-1)
2018

2019

2020

Corn

-0.155 B

-0.278 A

-0.179 bc

-0.438 a

Rotation

-0.099 B

-0.096 B

-0.066 c

-0.279 b

Corn

-0.051 B

-0.269 A

-0.084 b

-0.265 ab

Rotation

-0.086 B

-0.235 A

-0.129 b

-0.241 b

Corn

-0.124 A

-0.260 A

-0.176 a

-0.288 a

Rotation

-0.223 A

-0.291 A

-0.193 a

-0.237 a

uppercase letter (Maury) or lowercase letter (Sadler) are significantly different (� =
0.05).
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Table 6.5. Initial bulk soil physicochemical parameters at time of mesocosm
establishment by soil series and horizon.
Maury

Sadler

A

B

A

B

KCl pH

5.10

4.76

4.16

4.46

P (mg kg-1)

172.5

269

11.5

2.5

K (mg kg-1)

311.5

89

56.5

31

Ca (mg kg-1)

1632

1781

728.5

864.5

Mg (mg kg-1)

166.5

120.5

97

83.5

Zn (mg kg-1)

2.4

0.55

0.95

0.25

Cu (mg kg-1)

0.65

0.40

0.96

0.39

Mn (mg kg-1)

214

72

284

188

Fe (mg kg-1)

173

172

101

74

Al (mg kg-1)

1022

1225

1011

881

total C (%)

1.94

0.61

1.55

0.51

total N (%)

0.20

0.07

0.14

0.04
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Table 6.6. Average bulk soil physicochemical data ± one standard error at corn harvest in Year 1. Parameters not sharing the same
Maury

Sadler

Fallow

Corn

Wheat

Rotation

Fallow

Corn

Wheat

Rotation

KCl pH

4.8 ± 0.4 A

5.2 ± 0.1 A

5.3 ± 0.2 A

4.8 ± 0.2 A

5.6 ± 0.3 A

4.9 ± 0.4 A

5.3 ± 0.6 A

5.7 ± 0.8 A

P (mg kg-1)

193 ± 1 A

182 ± 0.2 AB

197 ± 5 A

171 ± 5 B

12.5 ± 0.3 C

10.8 ± 0.4 C

12.3 ± 0.4 C

11.0 ± 1 C

K (mg kg-1)

24 ± 29 A

167 ± 23 ABC

265 ± 12 A

189 ± 28 AB

110 ± 28 BCD

68 ± 9 CD

84 ± 13 BCD

55 ± 19 D

Ca (mg kg-1)

1867 ± 240 A

2085 ± 24 A

2090 ± 132 A

1674 ± 97 A

2277 ± 662 A

1246 ± 199 A

1543 ± 352 A

2005 ± 622 A

Mg (mg kg-1)

127 ± 15 AB

128 ± 4 AB

138 ± 10 A

126 ± 6 AB

93 ± 19 ABC

57 ± 8 C

75 ± 13 BC

77 ± 6 BC

Zn (mg kg-1)

4.3 ± 0.3 A

3.7 ± 0.2 AB

3.8 ± 0.1 AB

3.1 ± 0.3 B

1.13 ± 0.09 C

1.07 ± 0.07 C

1.05 ± 0.08 C

3.12 ± 0.07 C

Cu (mg kg-1)

1.55 ± 0.7 BC

1.65 ± 0.06 B

1.70 ± 0.04 B

1.27 ± 0.07 C

1.48 ± 0.08 BC

1.56 ± 0.09 BC

1.7 ± 0.04 B

2.05 ± 0.09 A

Mn (mg kg-1)

124 ± 4 CD

122 ± 2 D

123 ± 5 CD

116 ± 2 D

207 ± 4 A

178 ± 4 AB

171 ± 15 AB

161 ± 13 BC

Fe (mg kg-1)

203 ± 9 A

182 ± 3 A

187 ± 6 A

196 ± 9 A

90 ± 8 B

92 ± 6 B

89 ± 8 B

84 ± 9 B

Al (mg kg-1)

1071 ± 32 A

1018 ± 17 ABC

1017 ± 15 ABCD

1062 ± 23 AB

906 ± 34 BCD

935 ± 32 ABCD

885 ± 45 CD

854 ± 70 D

total C (%)

2.17 ± 0.06 A

2.08 ± 0.05 A

2.25 ± 0.1 A

2.07 ± 0.09 A

1.45 ± 0.02 B

1.40 ± 0.01 B

1.43 ± 0.02 B

1.47 ± 0.01 B

total N (%)

0.190 ± 0.007 A

0.176 ± 0.004

0.19 ± 0.006 A

0.180 ± 0.007

0.15 ± 0.02 ABC

0.11 ± 0.01 C

0.12 ± 0.02 BC

0.12 ± 0.01 BC

AB

uppercase letter are significantly different (� = 0.05).
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Table 6.7. Average bulk soil physicochemical data ± one standard error at wheat harvest in Year 1. Parameters not sharing the same
Maury

Sadler

Fallow

Corn

Wheat

Rotation

Fallow

Corn

Wheat

Rotation

KCl pH

4.7 ± 0.3 A

5.1 ± 0.1 A

5.1 ± 0.2 A

5.0 ± 0.2 A

4.5 ± 0.4 A

4.9 ± 0.4 A

4.9 ± 0.4 A

5.6 ± 0.1 A

P (mg kg-1)

158 ± 10 A

162 ± 7 A

170 ± 4 A

167 ± 3 A

11.7 ± 0.2 B

10.2 ± 0.7 B

10.5 ± 0.9 B

10.2 ± 0.7 B

K (mg kg-1)

177 ± 18 A

149 ± 12 A

204 ± 13 A

166 ± 20 A

72 ± 7 B

50 ± 6 B

47 ± 7 B

35 ± 7 B

Ca (mg kg-1)

1571 ± 175 AB

1762 ± 83 A

1862 ± 158 A

1752 ± 103 A

1006 ± 162 B

979 ± 148 B

1049 ± 160 B

1555 ± 122 B

Mg (mg kg-1)

106 ± 13 A

109 ± 7 A

118 ± 2 A

121 ± 9 A

54 ± 6 B

46 ± 3 B

53 ± 8 B

57 ± 3 B

Zn (mg kg-1)

3.8 ± 0.4 A

3.10 ± 0.05 A

3.4 ± 0.1 A

3.2 ± 2 A

1.00 ± 0.09 B

1.2 ± 0.2 B

1.7 ± 0.6 B

1.00 ± 0.08 B

Cu (mg kg-1)

1.3 ± 0.1 A

1.12 ± 0.01 A

1.39 ± 0.08 A

1.3 ± 0.1 A

1.23 ± 0.09 A

3±1A

2±1A

1.33 ± 0.06 A

Mn (mg kg-1)

71 ± 30 B

112 ± 2 AB

107 ± 4 B

109 ± 3 AB

170 ± 15 A

151 ± 9 A

157 ± 22 A

150 ± 8 A

Fe (mg kg-1)

189 ± 9 A

177 ± 5 A

177 ± 4 A

184 ± 8 A

97 ± 5 B

86 ± 5 B

89 ± 6 B

85 ± 3 B

Al (mg kg-1)

1024 ± 36 A

968 ± 11 AB

985 ± 12 AB

992 ± 16 AB

915 ± 29 ABC

824 ± 26 C

869 ± 50 BC

817 ± 17 C

total C (%)

2.16 ± 0.08 A

2.26 ± 0.02 A

2.16 ± 0.07 A

2.15 ± 0.07 A

1.6 ± 0.1 B

1.47 ± 0.02 B

1.49 ± 0.06 B

1.53 ± 0.06 B

total N (%)

0.231 ± 0.009 A 0.234 ± 0.004 A 0.231 ± 0.003 A 0.228 ± 0.002 A 0.148 ± 0.005 B 0.139 ± 0.003 B 0.142 ± 0.003 B 0.142 ± 0.003 B

uppercase letter are significantly different (� = 0.05).
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Table 6.8. Average bulk soil physicochemical data ± one standard error at corn harvest in Year 2. Parameters not sharing the same
Maury

Sadler

Fallow

Corn

Wheat

Rotation

Fallow

Corn

Wheat

Rotation

KCl pH

5.3 ± 0.4 A

4.9 ± 0.1 A

5.3 ± 0.2 A

5.0 ± 0.2 A

5.6 ± 0.6 A

5.2 ± 0.8 A

4.8 ± 0.4 A

4.2 ± 0.2 A

P (mg kg-1)

171 ± 5 A

157 ± 5 A

165 ± 5 A

165 ± 6 A

14 ± 2 B

10.7 ± 0.6 B

11.3 ± 0.2 B

9.3 ± 0.3 B

K (mg kg-1)

167 ± 26 A

87 ± 5 B

164 ± 6 A

85 ± 12 B

105 ± 17 AB

57 ± 18 B

103 ± 18 AB

46 ± 4 B

Ca (mg kg-1)

2214 ± 260 A

1904 ± 470 A

2150 ± 529 A

1864 ± 477 A

2689 ± 1364 A

1762 ± 703 A

2548 ± 838 A

866 ± 211 A

Mg (mg kg-1)

81 ± 12 A

83 ± 14 A

84 ± 11 A

78 ± 11 A

70 ± 18 A

41 ± 4 A

89 ± 18 A

39 ± 8 A

Zn (mg kg-1)

3.8 ± 0.3 A

4.0 ± 0.5 A

4.5 ± 0.3 A

3.2 ± 0.3 A

1.3 ± 0.2 B

1.3 ± 0.2 B

1.6 ± 0.3 B

1.4 ± 0.2 B

Cu (mg kg-1)

3±1A

1.9 ± 0.2 A

5±2A

2.2 ± 0.5 A

2.0 ± 0.1 A

2.3 ± 0.3 A

2.6 ± 0.5 A

2.0 ± 0.1 A

Mn (mg kg-1)

101 ± 7 B

105 ± 6 B

107 ± 8 B

105 ± 8 B

168 ± 13 AB

186 ± 19 A

211 ± 32 A

201 ± 12 A

Fe (mg kg-1)

176 ± 9 A

177 ± 9 A

173 ± 19 A

180 ± 13 A

77 ± 8 B

86 ± 11 B

87 ± 6 B

99 ± 3 B

Al (mg kg-1)

957 ± 34 A

950 ± 43 A

954 ± 82 A

990 ± 66 A

722 ± 67 A

819 ± 67 A

830 ± 54 A

933 ± 9 A

total C (%)

2.13 ± 0.08 A

2.1 ± 0.06 A

2.23 ± 0.1 A

2.02 ± 0.05 A

1.42 ± 0.02 B

1.50 ± 0.02 B

1.38 ± 0.02 B

1.60 ± 0.05 B

total N (%)

0.21 ± 0.02 A

0.17 ± 0.03 A

0.130 ± 0.005 A

0.23 ± 0.06 A

0.136 ± 0.006 A

0.219 ± 0.008 A 0.217 ± 0.005 A 0.200 ± 0.009 A

uppercase letter are significantly different (� = 0.05).
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Table 6.9. Average bulk soil physicochemical data ± one standard error at wheat harvest in Year 2. Parameters not sharing the same
Maury

Sadler

Fallow

Corn

Wheat

Rotation

Fallow

Corn

Wheat

Rotation

5.78 ± 0.03 A

4.9 ± 0.4 A

4.9 ± 0.6 A

4.9 ± 0.6 A

5.3 ± 0.9 A

5.4 ± 0.9 A

4.5 ± 0.6 A

4.1 ± 0.1 A

P (mg kg-1)

158 ± 10 A

169 ± 4 A

175 ± 2 A

171 ± 9 A

13 ± 1 B

10.2 ± 0.9 B

10.8 ± 0.2 B

8.5 ± 0 B

K (mg kg-1)

170 ± 17 A

101 ± 3 AB

157 ± 7 A

107 ± 25 AB

120 ± 20 AB

54 ± 10 B

77 ± 6 B

60 ± 22 B

Ca (mg kg-1)

3181 ± 570 A

2077 ± 330 A

1878 ± 511 A

1997 ± 545 A

2967 ± 1498 A

2136 ± 887 A

1150 ± 340 A

1445 ± 389 A

Mg (mg kg-1)

93 ± 3 A

86 ± 5 A

78 ± 11 A

82 ± 13 A

73 ± 16 A

48 ± 5 A

42 ± 8 A

69 ± 20 A

Zn (mg kg-1)

3.9 ± 0.3 AB

5±1A

3.7 ± 0.3 AB

3.2 ± 0.2 ABC

1.2 ± 0.1 C

1.2 ± 0.2 C

1.5 ± 0.3 C

1.8 ± 0.4 BC

Cu (mg kg-1)

1.7 ± 0.2 A

1.7 ± 0.1 A

1.8 ± 0.5 A

1.7 ± 0.2 A

1.54 ± 0.09 A

1.6 ± 0.1 A

1.7 ± 0.3 A

1.51 ± 0.08 A

Mn (mg kg-1)

101 ± 8 A

116 ± 3 A

119 ± 13 A

106 ± 4 A

212 ± 60 A

195 ± 35 A

195 ± 21 A

403 ± 220 A

Fe (mg kg-1)

163 ± 5 AB

193 ± 8 A

201 ± 23 A

195 ± 18 A

84 ± 16 C

86 ± 16 C

96 ± 10 BC

90 ± 5 C

Al (mg kg-1)

909 ± 21 A

1001 ± 27 A

1022 ± 75 A

1000 ± 58 A

763 ± 105 A

799 ± 108 A

880 ± 60 A

815 ± 60 A

total C (%)

2.1 ± 0.1 A

2.09 ± 0.03 A

2.08 ± 0.05 A

2.10 ± 0.07 A

1.51 ± 0.02 B

1.51 ± 0.04 B

1.5 ± 0.1 B

1.52 ± 0.04 B

total N (%)

0.25 ± 0.02 A

0.241 ± 0.01 A

0.19 ± 0.04 A

0.160 ± 0.008 A

0.17 ± 0.02 A

0.25 ± 0.06 A

KCl pH

0.240 ± 0.003 A 0.235 ± 0.003 A

uppercase letter are significantly different (� = 0.05).
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Table 6.10. Average bulk soil physicochemical data ± one standard error at corn harvest in Year 3. Parameters not sharing the same
Maury

Sadler

Fallow

Corn

Wheat

Rotation

Fallow

Corn

Wheat

Rotation

KCl pH

5.1 ± 0.4 A

5.4 ± 0.6 A

5.4 ± 0.4 A

5.8 ± 0.7 A

6.5 ± 0.1 A

5.2 ± 0.4 A

5.1 ± 0.6 A

5.1 ± 0.7 A

P (mg kg-1)

165 ± 8 A

168 ± 6 A

181 ± 2 A

177 ± 7 A

13.0 ± 0.6 B

9.8 ± 0.7 B

10 ± 4 B

3±1B

K (mg kg-1)

179 ± 19 A

85 ± 8 A

157 ± 3 A

87 ± 4 A

140 ± 66 A

83 ± 26 A

114 ± 24 A

77 ± 35 A

Ca (mg kg-1)

4149 ± 821 A

2936 ± 736 A

3970 ± 764 A

4610 ± 1628 A

5289 ± 1176 A

2525 ± 598 A

3422 ± 829 A

2364 ± 988 A

Mg (mg kg-1)

156 ± 50 A

67 ± 5 A

105 ± 3 A

82 ± 19 A

103 ± 29 A

53 ± 21 A

70 ± 9 A

44 ± 16 A

Zn (mg kg-1)

4.9 ± 0.3 A

3.2 ± 0.4 ABC

3.8 ± 0.3 AB

2.9 ± 0.2 BCD

1.2 ± 0.1 D

1.1 ± 0.2 D

2.2 ± 6 BCD

1.9 ± 0.6 CD

Cu (mg kg-1)

1.5 ± 0.1 A

1.4 ± 0.2 A

1.4 ± 0.1 A

1.5 ± 0.1 A

1.4 ± 0.3 A

1.3 ± 0.3 A

1.4 ± 0.3 A

1.23 ± 0.08 A

Mn (mg kg-1)

255 ± 69 A

111 ± 11 A

145 ± 12 A

98 ± 12 A

175 ± 23 A

336 ± 141 A

217 ± 41 A

257 ± 86 A

Fe (mg kg-1)

157 ± 6 A

159 ± 16 A

157 ± 7 A

145 ± 21 AB

61 ± 3 C

85 ± 9 C

83 ± 8 C

89 ± 13 BC

Al (mg kg-1)

965 ± 17 AB

998 ± 71 A

984 ± 42 A

928 ± 106 AB

662 ± 34 B

899 ± 70 AB

880 ± 27 AB

885 ± 73 AB

total C (%)

3.1 ± 0.2 A

2.67 ± 0.07 AB

2.93 ± 0.07 A

2.6 ± 0.1 ABC

2.0 ± 0.1 BCD

2.0 ± 0.2 CD

1.96 ± 0.09 CD

1.9 ± 0.1 D

total N (%)

---

---

---

---

---

---

---

---

uppercase letter are significantly different (� = 0.05).
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Table 6.11. Average bulk soil physicochemical data ± one standard error at experiment termination in Year 3. Parameters not sharing
Maury

Sadler

Fallow

Corn

Wheat

Rotation

Fallow

Corn

Wheat

Rotation

KCl pH

5.0 ± 0.5 A

4.6 ± 0.2 A

4.7 ± 0.5 A

5.1 ± 0.3 A

5.6 ± 0.6 A

5.0 ± 0.5 A

5.1 ± 0.6 A

5.0 ± 0.3 A

P (mg kg-1)

192 ± 6 A

168 ± 2 B

174 ± 7 B

174 ± 1 B

13.3 ± 0.8 C

10.2 ± 0.6 C

13.7 ± 0.7 C

11.2 ± 0.7 C

K (mg kg-1)

144 ± 15 A

76 ± 4 B

97 ± 7 B

84 ± 7 B

92 ± 5 B

40 ± 6 C

66 ± 2 BC

39 ± 3 C

Ca (mg kg-1)

2378 ± 701 A

1744 ± 258 A

1800 ± 596 A

2286 ± 349 A

2203 ± 729 A

1379 ± 338 A

1779 ± 647 A

1504 ± 132 A

Mg (mg kg-1)

55 ± 4 A

44 ± 3 A

62 ± 15 A

63 ± 15 A

42 ± 5 A

33 ± 6 A

28 ± 4 A

26 ± 2 A

Zn (mg kg-1)

4.7 ± 0.7 A

3.5 ± 0.7 AB

3.3 ± 0.2 ABC

3.5 ± 0.1 AB

2.6 ± 0.3 BC

1.6 ± 0.2 C

2.2 ± 0.3 BC

1.87 ± 0.04 BC

Cu (mg kg-1)

4.6 ± 0.7 A

2.5 ± 0.7 A

4±2A

5±1A

6.0 ± 0.3 A

4.5 ± 0.4 A

5±1A

4.9 ± 0.8 A

Mn (mg kg-1)

123 ± 8 B

115 ± 7 B

112 ± 5 B

110 ± 2 B

230 ± 16 A

178 ± 19 A

181 ± 14 A

180 ± 12 A

Fe (mg kg-1)

201 ± 19 A

208 ± 10 A

203 ± 15 A

193 ± 10 A

88 ± 8 B

99 ± 8 B

103 ± 9 B

105 ± 3 B

Al (mg kg-1)

1049 ± 17 AB

1093 ± 71 A

1047 ± 42 AB

1050 ± 106 AB

844 ± 47 C

892 ± 35 BC

912 ± 51 ABC

948 ± 20 ABC

total C (%)

2.2 ± 0.2 A

2.25 ± 0.07 A

2.23 ± 0.07 A

2.2 ± 0.1 A

1.58 ± 0.06 B

1.62 ± 0.01 B

1.53 ± 0.02 B

1.59 ± 0.02 B

total N (%)

---

---

---

---

---

---

---

---

the same uppercase letter are significantly different (� = 0.05).
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Table 6.12. Results of the two-way ANOVA analysis on the impact of treatment and soil
depth on Hedley available P pools (� = 0.05). Significant results are bolded.
Resin-Extractable
F

Bicarbonate-Extractable
p

F

p

Maury
Treatment

13.98

<0.0001

15.42

<0.0001

Depth

58.86

<0.0001

6.66

0.001

Treatment*Depth

1.44

0.21

0.76

0.65

Sadler
Treatment

16.09

<0.0001

4.86

0.007

Depth

144.39

<0.0001

23.64

<0.0001

Treatment*Depth

3.66

0.003

0.85

0.58
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Table 6.13. Average Hedley resin-extractable and bicarbonate-extractable inorganic P fractions ± one standard error by depth and
treatment within soil series at termination of experiment. Parameters not sharing the same uppercase letter (Maury) or lowercase letter
Maury
Fallow

Corn

Sadler
Wheat

Depth (cm)

Rotation

Fallow

Corn

Wheat

Rotation

Resin-Extractable P (mg kg-1)

0-15

175 ± 4 A

149 ± 7 A

174 ± 7 A

132 ± 7 A

9.8 ± 0.9 a

6.6 ± 0.5 bcd

8.9 ± 0.2 ab

5.8 ± 0.7 de

15-30

204 ± 8 A

206 ± 14 A

241 ± 13 A

183 ± 16 A

8.9 ± 0.4 ab

6.3 ± 0.1 cd

8.2 ± 0.6 abc

6.8 ± 0.6 bcd

30-45

253 ± 10 A

241 ± 5 A

260 ± 5 A

209 ± 8 A

3.7 ± 0.5 ef

2.9 ± 0.5 f

3.0 ± 0.1 f

2.9 ± 0.2 f

45-60

260 ± 8 A

230 ± 10 A

233 ± 10 A

221 ± 11 A

3.5 ± 0.1 f

3.1 ± 0.3 f

2.9 ± 0.2 f

3.1 ± 0.2 f

Bicarbonate-Extractable P (mg kg-1)
0-15

107 ± 5 A

88 ± 13 A

78 ± 3 A

75 ± 2 A

14 ± 3 a

11 ± 1 a

12 ± 1 a

12 ± 1 a

15-30

120 ± 2 A

101 ± 10 A

89 ± 3 A

61 ± 24 A

13.6 ± 0.7 a

12 ± 1 a

12 ± 2 a

14.0 ± 0.5 a

30-45

113 ± 14 A

113 ± 13 A

92 ± 3 A

98 ± 1 A

10 ± 2 a

7.7 ± 0.5 a

7.4 ± 0.2 a

5.7 ± 0.6 a

45-60

145 ± 6 A

125 ± 32 A

89 ± 9 A

94 ± 5 A

9 ± 2a

8.2 ± 0.5 a

7 ± 4a

7 ± 2a

(Sadler) are significantly different (� = 0.05).

179

Table 6.14. Average harvested component biomass/yield ± one standard error from each
of the treatments for all crops by year. Crops were divided into vegetative components
and ears. Estimated corn yield is presented for corn in Year 2 and 3 based on kernel
number. Parameters not sharing the same letter within crop in the same year (corn
uppercase, wheat lowercase) are significantly different (� = 0.05).
Maury
Corn

Wheat

Sadler
Rotation

Corn

Wheat

Rotation

Year 1
Corn Stalks (g)

353 ± 24 A

---

344 ± 21 A

135 ± 7 B

---

103 ± 2 B

Corn Ears (g)

71 ± 32 A

---

43 ± 12 A

41 ± 24 A

---

49 ± 22 A

Wheat Tillers (g)

---

57 ± 7 ab

98 ± 19 a

---

39 ± 8 b

44 ± 10 ab

Wheat Heads (g)

---

18 ± 6 a

19 ± 11 a

---

1 ± 1a

19 ± 1 a

Year 2
Corn Stalks (g)

272 ± 27 A

---

262 ± 5 A

136 ± 37 B

---

175 ± 22 AB

Corn Ears (g)

177 ± 62 A

---

105 ± 43 A

69 ± 38 A

---

96 ± 62 A

Estimated Yield
(Mg ha-1)

21.3 ± 0.5 A

---

14 ± 2 A

13.4 A

---

11.2 A

Wheat Tillers (g)

---

46 ± 2 a

25 ± 3 b

---

13 ± 3 b

13 ± 4 b

Wheat Heads (g)

---

0.3 ± 0.1 a

0±0

---

0.8 ± 0.8 a

0.3 ± 0.2 a

Year 3
Corn Stalks (g)

292 ± 27 A

---

279 ± 5 A

153 ± 18 B

---

158 ± 16 B

Corn Ears (g)

159 ± 20 A

---

105 ± 51 A

78 ± 29 A

---

55 ± 40 A

14 ± 2 A

---

15 ± 2 A

11 ± 4 A

---

11.3 A

Estimated Yield
(Mg ha-1)

180

Table 6.15. Total nutrient content of harvested corn biomass ± one standard error.
Stalk/leaf, cobs, and kernels were digested separately and summed for total nutrient
content. Parameters not sharing the same uppercase letter within the same year are
significantly different (� = 0.05).
Maury
g

Corn

Sadler
Rotation

Corn

Rotation

Year 1
Ca

1952 ± 274 AB

2560 ± 508 A

351 ± 150 C

638 ± 204 BC

K

8595 ± 827 A

7841 ± 358 A

1483 ± 709 B

2556 ± 4 B

Al

0.5 ± 0.5 A

0.2 ± 0.1 A

0.4 ± 0.3 A

0.03 ± 0.03 A

Fe

17 ± 4 A

17 ± 2 A

5 ± 1A

4.3 ± 0.4 A

Mg

487 ± 64 AB

545 ± 76 A

138 ± 66 C

157 ± 16 BC

Mn

14 ± 3 A

23 ± 9 A

9 ± 4A

9 ± 1A

1064 ± 217 A

1027 ± 46 A

151 ± 74 B

171 ± 3 B

P

Year 2
Ca

43 ± 9 C

1868 ± 229 A

871 ± 253 B

904 ± 2 B

K

1419 ± 122 B

3906 ± 459 A

1762 ± 403 B

1720 ± 384 B

Al

1.4 ± 0.6 A

5.3 ± 0.1 A

3.1 ± 0.3 A

5.1 ± 0.5 A

Fe

11 ± 1 AB

15 ± 1 A

8 ± 2B

8 ± 2B

Mg

417 ± 44 B

593 ± 74 A

223 ± 68 C

283 ± 42 C

Mn

2.18 ± 0.04 A

35 ± 17 A

36 ± 7 A

39 ± 3 A

P

997 ± 103 A

898 ± 15 A

140 ± 19 B

171 ± 48 B

Year 3
Ca

1182 ± 295 AB

1859 ± 331 A

573 ± 24 B

541 ± 210 B

K

2979 ± 357 A

2325 ± 219 AB

1751 ± 278 AB

1203 ± 193 B

Al

2 ± 2A

5 ± 3A

2.3 ± 0.4 A

2 ± 1A

Fe

14 ± 3 A

15 ± 5 A

7 ± 1A

6 ± 3A

Mg

592 ± 75 A

682 ± 67 A

178 ± 29 B

200 ± 68 B

Mn

18 ± 10 A

26 ± 12 A

20.6 ± 0.4 A

19 ± 7 A

P

908 ± 45 A

853 ± 98 A

141 ± 16 B

126 ± 32 B
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Table 6.16. Total nutrient content of harvested wheat biomass ± one standard error.
Tillers and ears were digested separately and summed for total nutrient content.
Parameters not sharing the same uppercase letter within the same year are significantly
different (� = 0.05).
Maury
g

Wheat

Sadler
Rotation

Wheat

Rotation

Year 1
Ca

164 ± 61 A

435 ± 90 A

127 ± 23 A

236 ± 79 A

K

1307 ± 337 A

2485 ± 547 A

935 ± 193 A

911 ± 338 A

Al

0.6 ± 0.2 A

3 ± 2A

0A

0A

Fe

3.3 ± 0.1 AB

9 ± 3A

1.4 ± 0.3 B

1.6 ± 0.6 B

Mg

61 ± 3 A

108 ± 28 A

33 ± 10 A

52 ± 17 A

Mn

5.1 ± 0.6 A

4.2 ± 0.8 A

3.3 ± 0.5 A

4 ± 1A

P

280 ± 20 AB

358 ± 91 A

57 ± 15 B

61 ± 19 B

Year 2
Ca

323 ± 35 A

267 ± 25 A

87 ± 15 B

113 ± 37 B

K

2167 ± 221 A

691 ± 81 B

521 ± 122 B

343 ± 122 B

Al

8 ± 3A

2.3 ± 0.5 A

0.8 ± 0.1 A

3 ± 1A

Fe

9 ± 3A

2.7 ± 0.4 A

1.0 ± 0.2 A

3 ± 1A

Mg

53 ± 3 A

58 ± 5 A

12 ± 3 B

16 ± 5 B

Mn

4.2 ± 0.2 A

2.2 ± 0.5 A

4 ± 2A

5 ± 1A

P

183 ± 17 A

109 ± 10 B

22 ± 7 C

17 ± 6 C

182

A

B

Figure 6.1. (A) Diagram of mesocosm with placement of TDR sensors (A), minirhizotron viewing tubes (B), and gas collar (C). (B) Photo of constructed mesocosm.
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A

B

Figure 6.2. (A) Arrangement of the mesocosms in the Agroecosystem Mesocosm
Facility. Green circles are Maury soil series, and red circles are Sadler soil series.
Mesocosms are labeled with replication and treatment (F = fallow, C = corn, W = wheat,
and R = rotation). (B) Photo of mesocosm arrangement.
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Figure 6.3. Distribution of resin-extractable inorganic P by treatment and horizon within
soil series. Differences in treatment are lettered under the treatment name on the x-axis,
and differences in depth increment are lettered within the bar. Parameters not sharing the
same uppercase letter (Maury) or lowercase letter (Sadler) are significantly different (� <
0.05). Error bars represent one standard error.
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Figure 6.4. Distribution of bicarbonate-extractable inorganic P by treatment and horizon
within soil series. Differences in treatment are lettered under the treatment name on the xaxis, and differences in depth increment are lettered within the bar. Parameters not
sharing the same uppercase letter (Maury) or lowercase letter (Sadler) are significantly
different (� < 0.05). Error bars represent one standard error.
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Carbon Dioxide Flux (mg CO2 m-2 hr-1)
Figure 6.5. GAM model of carbon dioxide gas flux from treatments in the Maury soil
during Year 1-3 with 95% confidence intervals. The ovals at Day 450 and 750 are the
result of missing data. Pairwise comparisons shown as tiles with gray, red, or blue
coloration indicating no difference or significantly elevated or depressed carbon dioxide
flux respectively (� = 0.10).

187

Carbon Dioxide Flux (mg CO2 m-2 hr-1)
Figure 6.6. GAM model of carbon dioxide gas flux from treatments in the Sadler soil
during Year 1-3 with 95% confidence intervals. The ovals at Day 450 and 750 are the
result of missing data. Pairwise comparisons shown as tiles with gray, red, or blue
coloration indicating no difference or significantly elevated or depressed carbon dioxide
flux respectively (� = 0.10).
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Cumulative Carbon Dioxide Flux (mg CO2 m-2 hr-1)
Figure 6.7. GAM model of cumulative carbon dioxide gas flux from treatments in the
Maury soil during Year 1-3 with 95% confidence intervals. Pairwise comparisons shown
as tiles with gray, red, or blue coloration indicating no difference or significantly elevated
or depressed carbon dioxide flux respectively (� = 0.10).
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Cumulative Carbon Dioxide Flux (mg CO2 m-2 hr-1)
Figure 6.8. GAM model of cumulative carbon dioxide gas flux from treatments in the
Sadler soil during Year 1-3 with 95% confidence intervals. Pairwise comparisons shown
as tiles with gray, red, or blue coloration indicating no difference or significantly elevated
or depressed carbon dioxide flux respectively (𝛼𝛼 = 0.10).
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0-15 cm

Axis 2 (24.8 %)

15-60 cmcm
15-60

Stress = 7.59
Axis 1 (72.5 %)

Figure 6.9. NMDS ordination of grouped microbial PLFAs in Maury soil grouped by
treatment and depth increment. PLFA biomarker group concentrations with r2 > 0.30
between the variable and axis score are displayed as vectors. Vectors indicate strength
and direction of graphed relationships.
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Figure 6.10. NMDS ordination of grouped microbial PLFAs in Sadler soil grouped by
treatment and depth increment. PLFA biomarker group concentrations with r2 > 0.30
between the variable and axis score are displayed as vectors. Vectors indicate strength
and direction of graphed relationships.

192

CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS
This project combined a broad array of scientific techniques spanning multiple scales
to better inform P management by identifying differences in mechanisms involved in P
acquisition and to understand how these mechanisms could be optimized to maximize P
utilization. This dissertation had four primary objectives: (1) evaluate the ability of
physical and chemical root-traits to be identified, quantified, and incorporated into
breeding programs for future development of high P extraction potential germplasm; (2)
screen a diverse panel of historic and modern winter wheat cultivars to identify organic
acid production and root system architecture responses to P-deficiency; (3) verify the
performance of winter wheat cultivars identified as having a high and low phosphorus
extraction potential and identify soil biogeochemical factors that correspond with P
uptake; and (4) determine the impact of crop rotation on root growth and decomposition
under differing pedogenic soil P regimes. These objectives were accomplished through
microcosm and mesocosm experiments conducted in the Rhizosphere Science
Laboratory, Rhizosphere Imaging Laboratory, and Agroecosystem Mesocosm Facility.
A critical review of published studies supports that root traits are an untapped source
of genotypic potential (Objective 1). Incorporating both physical and chemical root traits
into plant breeding programs will enhance genetic gains and allow for the creation of
germplasm well suited to acquire P from the soil. Breeding for root specific traits must be
done holistically as roots serve a multitude of purposes and utilize numerous mechanisms
to acquire nutrients and to support the plant. This work has identified changes in root
system architecture and root organic acid content which could be used as germplasm for
future crosses.
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This work selectively screened ten winter wheat cultivars ranging in year for release
from 1808 to 2002 that were subdivided into three ages classes — old (prior to 1970),
intermediate (1970-1990), and modern (1990-2002) — based on the occurrence of the
Green Revolution. Each age classification included both wild type and semi-dwarf
cultivars of wheat which allowed for change to be correlated with both modern fertility
practices and/or the introduction of semi-dwarf shoot genotypes (Objective 2). A
difference in organic acid profiles in response to P-deficiency was correlated to semidwarfisms. In response to P-deficiency, both wild types and semi-dwarfs increased oxalic
acid concentration in root tips, but semi-dwarf root tips contained approximately two-fold
less oxalic acid (Chapter 3). Root system architecture, however, was impacted by the era
of released, in which intermediate and modern cultivars had smaller root systems.
Additionally, root systems of old cultivars grew approximately two times faster than
intermediate and modern cultivars (Chapter 4).
Based on chemical and architectural differences, the cultivars were classified into
four groups based on their predicted likelihood to extract P from soil, termed phosphorus
extraction potential (PEP) (Objective 2). PEP classification did correlate with P use
efficiency (Chapter 5). Old, wild type cultivars had the greatest PUE, likely the result of
high organic acid production to solubilize oxide bound-P. Data collected from this study
supports the hypothesis that old cultivars and wild types had a greater ability to maximize
the root system in response to P-deficiency and excrete organic acids which solubilized P.
These results verified that it is possible to screen young seedlings for traits of interest in
the laboratory that can then be verified in the field for use in breeding programs.
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Data collected from the mesocosms (Chapter 6) have provided a baseline for root
decomposition in managed agroecosystems. Roots in both the rotation and corn
monocrop treatments decomposed more rapidly in the B horizon due to decreased
availability of C and N. Increased root turnover in the Sadler B horizon is also attributed
to decreased P availability and increased water content. Rotation treatments in both soils
yielded equivalent biomass of similar nutrient content. Under the high P conditions of the
Maury soil, the rotation treatment decreased carbon dioxide flux compared to the
monocrop treatment. This work greatly contributes a better understanding of the role of
root decomposition in nutrient cycling (Objective 3).
This work is in no way complete. Mesocosms soil cores which have been collected
are undergoing further analysis for soil organic carbon. Because the soils from fields that
were under mixed grass, carbon isotope analysis can be used to analyze the partitioning
of carbon into mineral associated and particulate associated organic matter pools in the
corn monocrop treatment. Understanding the partitioning of root derived carbon can
inform two areas of management. First, it will provide a better understanding of stability
of root derived carbon for carbon sequestration. It will also inform what chemical
phenotypes a cover crop may need to employ to cycle root carbon and its associated
nutrients.
Lastly, the wheat cultivars were not screened for all mechanisms associated with Pacquisition. A rhizosphere acidification screening could be conducted with planar
optodes and rhizoboxes. Further, the panel can be grown in solution culture, and
extracellular enzyme assays can be conducted for phosphomonoesterase and phytase.
These two additional chemical phenotypes will greatly inform PEP classification. The
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wheat cultivars should also be advanced to field trials under low and high P conditions to
further verify PEP classifications. Once this is complete, a wheat cultivar with a high PEP
can be grown in the mesocosms to determine how it changes P-cycling in rotational
treatment.
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APPENDIX 1: SUPPLEMENTARY MATERIAL ON WINTER WHEAT ACCESSIONS
Table A1.1. Preliminary panel of cultivars selected from Guedira et al. (2010) with the
addition of Norin-10.
Cultivar

Accession
Number

Year of Release

Dwarfing Status

Variety

Goens

Cltr 4857

1808

tall

soft

Red May

Cltr 5336

1830

tall

soft

Blackhull

Cltr 6251

1917

tall

hard

Norin-10

PI 156641

1935

semi-dwarf (Rht-B1)

hard

Nicoma

Cltr 13874

1971

tall

hard

TAM W-101

Cltr 15324

1971

semi-dwarf (Rht-B1)

hard

Abe

Cltr 15375

1972

semi-dwarf (Rht-D1)

soft

Baca

Cltr 15891

1973

tall

hard

Lindon

Cltr 17440

1975

semi-dwarf (Rht-B1)

hard

Ruler

Cltr 17314

1975

semi-dwarf (Rht-D1)

soft

Argee

Cltr 17606

1976

semi-dwarf (Rht-B1)

soft

Frankenmuth

Cltr 17830

1979

tall

soft

2180

PI 532912

1988

semi-dwarf (Rht-D1)

hard

2548

PI 532913

1988

semi-dwarf (Rht-D1)

soft

2571

PI 561200

1992

semi-dwarf (Rht-B1)

soft

Akron

PI 584504

1994

semi-dwarf (Rht-B1)

hard

Prowers

PI 605389

1997

tall

hard

Harding

PI 608049

1999

tall

hard

Ankor

PI 632275

2002

semi-dwarf (Rht-B1)

hard

Bess

PI 642794

2003

semi-dwarf (Rht-B1)

soft
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Table A1.2. Distance matrix based on 30,000 pair reads of DNA into TASSEL.
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Table A1.3. Pedigrees of cultivars selected for this study reported by the USDA
Germplasm Resources Information Network (https://www.ars-grin.gov/; verified 7/1/20).
Cultivar

Pedigree

Goens

no known pedigree

Red May

no known pedigree

Blackhull

no known pedigree, selection from Scout

Norin-10

Daruma / Fultz // Turkey Red

Nicoma

Triumph / CI 12406

TAM W-101

Norin-10 /3/ Nebraska 60 // Mediterranean / Hope /4/ Bison

Abe

Arthur*4 /3/ Purdue 6028A2-15-19-2 // Riley*2 / Riley 67

Baca

no known pedigree, selection from Scout

Lindon

(II 21183, Andes 64A / Sonora 64 // Tacuari) / (CO 652363, Warrior 2 / Kenya
58/Newthatch // Cheyenne / Tenmark / Mediterranean / Hope /3/ Parker) //
Lancer / (KS 62136, Norin-16 / CI 12500 // Kaw)

Ruler

Purdue L494A1-8-5-5 / Lucas = Norin-10-3 / R4746A6 // Lucas = Norin-10-3 /
Kawvale /Fultz / Hungarian / W38 / Wabash / Fairfield / Trumbull / Hope /
Hussar / Trumbull / Fultz sel. / Minhardi / Purplestraw /Chinese / Michigan
Amber / Lucas

Argee

CI 12658 / H4 10 // Brevor-Norin-10 Sel. 10 / H483a /3/ H410 /4/ Brevor-Norin10 Sel. 1 /3*H409

Frankenmuth

(Norin-10/Brevor 14 // Yorwin /3/ 2*Genesee, A3141) /4/ (A5115, Genesee*3 /
Redcoat)

2180

TAM W-101 / Pioneer W603 // Pioneer W558

2548

Hadden*2 /3/ GA1123 // Norin-10/ Brevor / Tenmarq /4/ MOW6582 / Redcoat
/5/Coker 68-15 /4/ Etoile de Choisy // Thorne / Clarkan /3/ Pawnee / Pur3848A5
Sel

2571

Elmo /3/ PioW4034H / PioW9057C / /Coker916

Akron

TAM 107 / Hail

Prowers

CO850060 / PI 372129 // 5*Lamar

Harding

Brule // Bennett / Chisholm /3/ Arapahoe

Ankor
Bess

Akron / Halt / 4*Akron
MO 11769 / Madison
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APPENDIX 2: SUPPLEMENTARY DATA ANALYSIS ON ROOT TIP ORGANIC ACIDS
Table A2.1. Organic acid content in root tips of wheat cultivars grown with adequate P.
Cultivars are grouped based on their dwarfing status. Values shown for each OA are in
µmol g-1 root tip followed by the standard error.
Cultivar

Oxalic Acid

Malic Acid

Citric Acid

- - - - - - - - - - - - - - - - - - - - - - - μmol g-1 root tip - - - - - - - - - - - - - - - - - - - - - Wild Type (tall)
Baca

876 ± 546

698 ± 158

5148 ± 1107

Blackhull

1986 ± 721

361 ± 150

3228 ± 581

Goens

1308 ± 736

415 ± 127

4180 ± 841

Nicoma

1827 ± 511

702 ± 134

4350 ± 759

Prowers

1306 ± 544

1124 ± 330

4949 ± 1225

Red May

1160 ± 643

891 ± 182

5225 ± 953

Group mean

1411 ± 242

553 ± 76

3154 ± 306

Akron

1692 ± 458

224 ± 61

3242 ± 1269

Ankor

2277 ± 448

274 ± 77

3503 ± 691

Lindon

681 ± 398

668 ± 208

5073 ± 1739

Norin-10

1776 ± 716

329 ± 129

2962 ± 752

Group mean

1607 ± 273

316 ± 67

2846 ± 564

Semi-dwarf
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Table A2.2. Organic acid content in root tips of wheat cultivars grown without P.
Cultivars are grouped based on their dwarfing status. Values shown for each OA are in
μmol g-1 root tip followed by the standard error.
Cultivar

Oxalic Acid

Malic Acid

Citric Acid

- - - - - - - - - - - - - - - - - - - - - - - μmol g-1 root tip - - - - - - - - - - - - - - - - - - - - - Wild Type (tall)
Baca

4036 ± 1604

531 ± 144

1145 ± 344

Blackhull

2152 ± 624

201 ± 90

509 ± 148

Goens

2592 ± 760

364 ± 71

1058 ± 293

Nicoma

4253 ± 1286

409 ± 95

1101 ± 275

Prowers

3668 ± 1330

316 ± 111

1432 ± 111

Red May

3858 ± 820

278 ± 71

565 ± 151

Group mean

3593 ± 399

263 ± 41

816 ± 143

Akron

1762 ± 673

191 ± 41

498 ± 125

Ankor

1498 ± 678

301 ± 53

889 ± 215

Lindon

1085 ± 423

306 ± 89

975 ± 231

Norin-10

3119 ± 685

293 ± 72

923 ± 292

Group mean

1866 ± 336

214 ± 35

725 ± 148

Semi-dwarf
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Figure A2.1. Total organic acid content in plants grown without P by breeding method
employed. Differences in means indicated by letter above each box-plot.
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Figure A2.2. Total organic acid content in plants grown without P by resistance to shoot
fungal diseases. Differences in means indicated by letter above each box-plot.
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APPENDIX 3: SUPPLEMENTARY DATA INFORMING PEP
Table A3.1. Average growth parameters ± standard error under sufficient or deficient soil
P by cultivar.
Cultivar

Growth
Stage

Height

Number of
Tillers

Number of
Heads

Shoot Mass

Root Mass

Root:Shoot
Ratio

Sufficient P Conditions
Akron

10.5

53 ± 3

2.0 ± 0.5

1.8 ± 0.5

0.93 ± 0.2

0.4 ± 0.1

0.48

Ankor

10.5

48 ± 1

2.0 ± 0.5

2.0 ± 0.5

1.08 ± 0.2

0.40 ± 0.09

0.37

Lindon

10.9

49 ± 3

2.4 ± 0.2

1.4 ± 0.3

0.84 ± 0.2

0.4 ± 0.1

0.21

Norin-10

11.0

42 ± 7

2.0 ± 0.3

1.4 ± 0.4

0.69 ± 0.3

0.37 ± 0.09

0.28

Baca

10.5

48 ± 5

3.2 ± 0.9

2.0 ± 0.5

1.18 ± 0.4

0.3 ± 0.1

1.11

Blackhull

10.6

59 ± 4

4.0 ± 0.3

1.6 ± 0.4

1.74 ± 0.4

0.9 ± 0.2

0.47

Goens

10.3

53 ± 6

1.8 ± 0.3

1.6 ± 0.2

0.94 ± 0.2

0.39 ± 0.08

0.31

Nicoma

11.0

70 ± 6

1.8 ± 0.4

1.6 ± 0.2

1.39 ± 0.3

0.32 ± 0.07

0.36

Prowers

11.0

61 ± 5

2.0 ± 0.5

1.0 ± 0

0.91 ± 0.2

0.6 ± 0.2

0.48

Red May

10.0

66± 1

3.0 ± 0.5

1.8 ± 0.4

1.26 ± 0.2

0.60± 0.1

0.60

Deficient P Conditions
Akron

11.0

42 ± 1

1.0 ± 0.0

1.0 ± 0

0.36 ± 0.04

0.12 ± 0.02

0.32

Ankor

11.0

43 ± 3

1.2 ± 0.2

1.0 ± 0

0.65 ± 0.3

0.12 ± 0.02

0.18

Lindon

11.0

41 ± 4

1.4 ± 0.0

1.0 ± 0

0.33 ± 0.06

0.14 ± 0.01

0.40

Norin-10

11.0

41 ± 5

2.6 ± 0.4

1.0 ± 0

0.24 ± 0.07

0.12 ± 0.01

0.87

Baca

11.0

56 ± 4

2.2 ± 0.6

0.8 ± 0.2

0.35 ± 0.06

0.18 ± 0.03

0.38

Blackhull

10.3

48 ± 3

2.2 ± 0.4

1.0 ± 0

0.30 ± 0.07

0.13 ± 0.02

0.50

Goens

10.8

53 ± 4

1.2 ± 0.0

1.0 ± 0

0.42 ± 0.12

0.18 ± 0.02

0.41

Nicoma

11.0

42 ± 3

1.2 ± 0.2

1.0 ± 0

0.21 ± 0.05

0.12 ± 0.02

0.44

Prowers

10.8

44 ± 5

1.4 ± 0.4

0.4 ± 0.2

0.37 ± 0.09

0.14 ± 0.03

0.59

Red May

9.4

58 ± 3

1.6 ± 0.6

1.0 ± 0

0.40 ± 0.09

0.24 ± 0.05

0.31
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Table A3.2. Bulk soil pH, total C, and total N with sufficient (+) and deficient (-) soil P by cultivar.
pH

Total C

+P

-P

+P

Total N
-P

+P

-P

-----------------------------%-----------------------Control

4.67 ± 0.09

4.58 ± 0.08

1.72 ± 0.08

1.72 ± 0.05

0.160 ± 0.007

0.165 ± 0.005

Akron

4.67 ± 0.09

5.0 ± 0.2

1.68 ± 0.03

1.70 ± 0.02

0.166 ± 0.003

0.163 ± 0.001

Ankor

4.6 ± 0.1

4.9 ± 0.2

1.60 ± 0.03

1.77 ± 0.03

0.160 ± 0.003

0.166 ± 0.001

Baca

4.6 ± 0.2

4.7 ± 0.2

1.66 ± 0.03

1.79 ± 0.06

0.164 ± 0.004

0.167 ± 0.004

Blackhull

4.4 ± 0.2

4.8 ± 0.2

1.78 ± 0.04

1.71 ± 0.02

0.173 ± 0.003

0.160 ± 0.002

Goens

4.7 ± 0.2

4.65 ± 0.07

1.69 ± 0.03

1.78 ± 0.09

0.167 ± 0.004

0.168 ± 0.004

Lindon

5.0 ± 0.2

4.5 ± 0.1

1.77 ± 0.06

1.66 ± 0.02

0.177 ± 0.004

0.155 ± 0.003

Nicoma

4.7 ± 0.2

4.9 ± 0.1

1.74 ± 0.04

1.69 ± 0.03

0.169 ± 0.003

0.160 ± 0.003

Norin-10

4.9 ± 0.1

5.0 ± 0.2

1.82 ± 0.08

1.76 ± 0.07

0.170 ± 0.003

0.167 ± 0.005

Prowers

5.0 ± 0.2

5.1 ± 0.2

1.8 ± 0.1

1.74 ± 0.02

0.163 ± 0.006

0.169 ± 0.004

Red May

5.05 ± 0.09

5.1 ± 0.2

1.67 ± 0.04

1.86 ± 0.03

0.153 ± 0.003

0.173 ± 0.002
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Table A3.3. Bulk soil Mehlich-III extractable macronutrients and manganese with sufficient (+) and deficient (-) soil P by cultivar.
P
+P

K
-P

+P

Ca
-P

+P

Mg
-P

+P

Mn
-P

+P

-P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - mg kg-1 soil - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Control

4.2 ± 0.2

6.0 ± 0.2

93 ± 7

102 ± 2

981 ± 76

1253 ± 58

99 ± 7

109 ± 2

145 ± 5

122 ± 3

Akron

4.2 ± 0.2

5.3 ± 0.1

65 ± 2

87 ± 5

1388 ± 61

1576 ± 112

110 ± 6

113 ± 3

98 ± 3

83 ± 4

Ankor

4.6 ± 0.1

5.3 ± 0.1

60 ± 4

94 ± 2

1315 ± 83

1555 ± 126

108 ± 4

119 ± 2

101 ± 7

80 ± 4

Baca

3.9 ± 0.5

6.0 ± 0.4

57 ± 7

91 ± 3

1378 ± 101

1399 ± 123

117 ± 3

115 ± 4

87 ± 8

113 ± 10

Blackhull

3.7 ± 0.3

5.3 ± 0.1

49 ± 8

89 ± 3

1337 ± 95

1477 ± 101

127 ± 4

114 ± 2

69 ± 6

79 ± 3

Goens

4.2 ± 0.5

6.8 ± 0.1

61 ± 4

85 ± 3

1368 ± 171

1359 ± 31

116 ± 5

114 ± 1

105 ± 22

130 ± 2

Lindon

3.7 ± 0.3

6.9 ± 0.2

71 ± 3

87 ± 2

1678 ± 119

1231 ± 72

128 ± 4

106 ± 1

60 ± 3

130 ± 4

Nicoma

4.4 ± 0.6

6.2 ± 0.2

55 ± 3

97 ± 2

1406 ± 173

1544 ± 81

120 ± 6

122 ± 3

99 ± 17

98 ± 6

Norin-10

4.4 ± 0.2

5.5 ± 0.2

69 ± 6

94 ± 2

1557 ± 68

1575 ± 128

120 ± 3

119 ± 4

65 ± 4

82 ± 6

Prowers

8.8 ± 0.6

6.0 ± 0.3

65 ± 9

99 ± 5

1530 ± 148

1969 ± 141

108 ± 5

123 ± 2

78 ± 7

93 ± 11

Red May

9.1 ± 0.8

5.3 ± 0.2

45 ± 5

92 ± 3

1574 ± 64

1674 ± 108

111 ± 2

126 ± 2

68 ± 6

75 ± 2
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Table A3.4. Bulk soil Mehlich-III extractable metals with sufficient (+) and deficient (-) soil P by cultivar.
Fe
+P

Al
-P

+P

Zn
-P

+P

Cu
-P

+P

-P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - mg kg-1 soil - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Control

121 ± 4

128 ± 4

784 ± 31

803 ± 10

1.41 ± 0.05

1.10 ± 0.02

1.67 ± 0.03

1.62 ± 0.03

Akron

128 ± 1

146 ± 9

764 ± 12

732 ± 14

1.7 ± 0.1

1.20 ± 0.07

2.8 ± 0.3

3.6 ± 0.6

Ankor

127 ± 3

169 ± 8

764 ± 12

744 ± 14

1.65 ± 0.07

1.47 ± 0.07

2.9 ± 0.2

4.4 ± 0.3

Baca

157 ± 11

152 ± 10

744 ± 16

799 ± 28

1.49 ± 0.06

1.24 ± 0.08

2.8 ± 0.3

2.6 ± 0.2

Blackhull

207 ± 7

170 ± 8

721 ± 14

740 ± 23

1.57 ± 0.08

1.57 ± 0.1

3.2 ± 0.1

4.1 ± 0.2

Goens

155 ± 7

116 ± 1

721 ± 25

810 ± 7

1.5 ± 0.1

1.42 ± 0.05

2.9 ± 0.2

3.3 ± 0.3

Lindon

167 ± 17

122 ± 2

678 ± 11

813 ± 9

1.38 ± 0.08

1.45 ± 0.03

2.8 ± 0.2

3.3 ± 0.2

Nicoma

143 ± 11

145 ± 5

735 ± 10

762 ± 12

1.44 ± 0.08

1.33 ± 0.03

2.7 ± 0.4

3.21 ± 0.09

Norin-10

163 ± 5

167 ± 6

703 ± 6

706 ± 21

1.42 ± 0.04

1.24 ± 0.08

3.2 ± 0.4

2.7 ± 0.6

Prowers

144 ± 12

149 ± 5

672 ± 34

736 ± 24

1.25 ± 0.08

1.13 ± 0.04

2.6 ± 0.2

2.1 ± 0.2

Red May

159 ± 3

182 ± 6

701 ± 25

726 ± 10

1.28 ± 0.05

1.06 ± 0.06

2.8 ± 0.2

2.33 ± 0.09
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Table A3.5. Rhizosphere inorganic P concentration by Hedley fraction by cultivar age
classification.
Sufficient P
Cultivar

Resin-P

Deficient P

NaHCO3-P

Resin-P

NaHCO3-P

- - - - - - - - - - - - - - - - - - - - - - - - - - - mg g-1 soil- - - - - - - - - - - - - - - - - - - - - - - --Control

9.2 ± 0.5

17.4 ± 0.9

4.8 ± 0.6

10.2 ± 1

Old Cultivars
Blackhull

5.4 ± 0.8

14.1 ± 0.9

2.6 ± 0.5

14.0 ± 0.6

Goens

3.6 ± 0.3

6.8 ± 1

3.0 ± 0.6

11.2 ± 0.7

Norin-10

4.6 ± 0.1

13.4 ± 0.5

3.0 ± 0.5

13.0 ± 0.9

Red May

7.4 ± 2

15.6 ± 1

3.6 ± 0.6

8.4 ± 0.4

Group Mean

5.2 ± 0.6

12.6 ± 0.9

3.1 ± 0.3

11.7 ± 0.6

Modern Cultivars
Akron

7.5 ± 1

13.2 ± 0.9

3.6 ± 0.1

14.1 ± 1

Ankor

5.7 ± 0.9

12.7 ± 0.9

4.2 ± 0.4

13.4 ± 0.4

Baca

4.8 ± 0.7

11.6 ± 1

6.6 ± 0.8

13.4 ± 0.7

Lindon

4.2 ± 0.6

10.8 ± 0.9

3.6 ± 0.4

11.0 ± 0.4

Nicoma

5.0 ± 0.5

12.6 ± 0.6

2.5 ± 0.3

10.1 ± 0.5

Pembroke-16

5.2 ± 0.3

15.7 ± 0.3

4.2 ± 0.8

10.8 ± 0.4

Prowers

5.3 ± 0.7

16.1 ± 0.6

3.7 ± 0.6

9.9 ± 0.6

Group Mean

5.4 ± 0.3

13.1 ± 0.4

4.0 ± 0.3

11.8 ± 0.4
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Table A3.6. Shoot nutrient data with sufficient (+) and deficient (-) soil P by cultivar.
P
+P

K
-P

+P

Ca
-P

+P

Mg
-P

+P

Mn
-P

+P

Fe
-P

+P

Al
-P

+P

-P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - mg g-1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Akron

1.47 ±
0.2

0.66 ±
0.1

23 ± 5

9±1

4.2 ±
0.8

2.6 ±
0.6

1.0 ±
0.3

0.48 ±
0.06

0.09 ±
0.02

0.04 ±
0.01

0.08 ±
0.01

0.04 ±
0.00

0.04 ±
0.02

0.01 ±
0.00

Ankor

1.72 ±
0.2

1.35 ±
0.5

27 ± 6

15 ± 6

5.1 ± 1

5.5 ± 3

1.0 ±
0.2

0.9 ±
0.4

0.13 ±
0.04

0.06 ±
0.03

0.10 ±
0.04

0.13 ±
0.05

0.03 ±
0.01

0.03 ±
0.01

Baca

1.03 ±
0.3

0.49 ±
0.1

21 ± 5

9±2

3.8 ±
0.6

2.7 ±
0.5

0.9 ±
0.2

0.46 ±
0.07

0.09 ±
0.02

0.04 ±
0.01

0.09 ±
0.03

0.05 ±
0.02

0.04 ±
0.02

0.02 ±
0.00

Blackhull

0.73 ±
0.3

0.40 ±
0.2

20 ± 9

7±2

3.4 ± 2

2.2 ±
0.7

0.8 ±
0.3

0.3 ±
0.1

0.09 ±
0.04

0.03 ±
0.01

0.07 ±
0.03

0.06 ±
0.02

0.03 ±
0.02

0.02 ±
0.01

Goens

2.13 ±
0.7

0.44 ±
0.1

35 ± 11

9±2

6.8 ± 2

2.3 ±
0.2

1.4 ±
0.5

0.43 ±
0.06

0.14 ±
0.05

0.05 ±
0.01

0.14 ±
0.05

0.05 ±
0.01

0.05 ±
0.02

0.01 ±
0.00

Lindon

3.30 ± 1

0.61 ±
0.1

47 ± 13

6±1

6.8 ±
1.6

1.8 ±
0.5

1.8 ±
0.4

0.39 ±
0.09

0.20 ±
0.06

0.05 ±
0.01

0.22 ±
0.10

0.04 ±
0.01

0.08 ±
0.02

0.02 ±
0.00

Nicoma

1.10 ±
0.3

0.66 ±
0.2

22 ± 5

8±2

4.4 ± 1

2.1 ±
0.6

0.9 ±
0.2

0.4 ±
0.1

0.13 ±
0.04

0.04 ±
0.01

0.08 ±
0.02

0.06 ±
0.01

0.03 ±
0.01

0.02 ±
0.00

Norin-10

2.88 ±
0.8

0.40 ±
0.07

39 ± 11

4 ± 0.8

6.6 ±
1.6

1.0 ±
0.2

2.1 ±
0.5

0.34 ±
0.07

0.23 ±
0.06

0.03 ±
0.01

0.16 ±
0.04

0.03 ±
0.01

0.07 ±
0.04

0.01 ±
0.00

Prowers

1.63 ±
0.2

0.67 ±
0.2

23 ± 4

9±2

4.2 ±
0.7

2.1 ±
0.4

1.0 ±
0.2

0.5 ±
0.1

0.11 ±
0.01

0.04 ±
0.01

0.10 ±
0.01

0.06 ±
0.01

0.03 ±
0.01

0.02 ±
0.01

Red May

1.90 ±
0.3

0.51 ±
0.1

38 ± 5

11 ± 2

7.3 ±
0.8

3.1 ±
0.6

1.8 ±
0.3

0.6 ±
0.1

0.16 ±
0.03

0.05 ±
0.01

0.17 ±
0.02

0.07 ±
0.01

0.06 ±
0.01

0.02 ±
0.00
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Table A3.7. Root nutrient data with sufficient (+) and deficient (-) soil P by cultivar.
P
+P

K
-P

+P

Ca
-P

+P

Mg
-P

+P

Mn
-P

+P

Fe
-P

+P

Al
-P

+P

-P

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - mg g-1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Akron

0.32 ±
0.05

0.19 ±
0.05

0.92 ±
0.06

0.7 ±
0.2

2.2 ±
0.3

2.0 ±
0.7

0.42 ±
0.09

0.21 ±
0.06

0.3 ±
0.1

0.15 ±
0.05

4±1

0.9 ±
0.1

2.4 ±
0.8

0.62 ±
0.08

Ankor

0.32 ±
0.06

0.12 ±
0.02

1.0 ±
0.2

0.38 ±
0.08

2.7 ±
0.8

1.3 ±
0.4

0.41 ±
0.08

0.13 ±
0.02

0.35 ±
0.09

0.08 ±
0.01

3±1

0.7 ±
0.2

2.3 ±
0.7

0.45 ±
0.09

Baca

0.31 ±
0.07

0.15 ±
0.03

1.6 ±
0.5

0.46 ±
0.08

2.2 ±
0.5

1.2 ±
0.4

0.36 ±
0.07

0.18 ±
0.03

0.20 ±
0.03

0.12 ±
0.03

2.1 ±
0.2

1.4 ±
0.5

1.6 ±
0.3

0.9 ±
0.3

Blackhull

0.27 ±
0.09

0.16 ±
0.04

1.1 ±
0.4

0.6 ±
0.2

1.3 ±
0.4

1.4 ±
0.3

0.3 ±
0.1

0.13 ±
0.03

0.2 ±
0.1

0.09 ±
0.02

4±1

0.7 ±
0.2

2.2 ±
0.9

0.5 ±
0.1

Goens

0.25 ±
0.06

0.28 ±
0.1

0.9 ±
0.2

1.1 ±
0.6

1.5 ±
0.3

1.9 ±
0.9

0.31 ±
0.07

0.3 ±
0.1

0.23 ±
0.08

0.3 ±
0.1

3±1

1.8 ±
0.8

2.0 ±
0.7

1.3 ±
0.6

Lindon

0.61 ±
0.1

0.12 ±
0.03

2.0 ±
0.4

0.4 ±
0.2

4±1

0.9 ±
0.2

0.9 ±
0.3

0.12 ±
0.02

0.6 ±
0.2

0.13 ±
0.02

12 ± 5

0.57 ±
0.06

8±3

0.39 ±
0.05

Nicoma

0.26 ±
0.06

0.11 ±
0.01

1.2 ±
0.3

0.5 ±
0.1

1.4 ±
0.4

0.8 ±
0.1

0.28 ±
0.07

0.13 ±
0.02

0.20 ±
0.05

0.09 ±
0.02

1.8 ±
0.6

0.8 ±
0.2

1.2 ±
0.3

0.50 ±
0.08

Norin-10

0.44 ±
0.2

0.10 ±
0.01

2.0 ± 1

0.41 ±
0.06

3±2

0.8 ±
0.1

0.4 ±
0.2

0.08 ±
0.01

0.4 ±
0.1

0.06 ±
0.01

6±2

0.6 ±
0.2

3.1 ±
0.9

0.36 ±
0.08

Prowers

0.43 ±
0.04

0.14 ±
0.03

1.5 ±
0.2

0.46 ±
0.06

3.6 ±
0.6

1.2 ±
0.4

0.6 ±
0.1

0.14 ±
0.04

0.4 ±
0.1

0.09 ±
0.04

7±2

0.7 ±
0.2

4±1

0.5 ±
0.2

Red May

0.54 ±
0.07

0.16 ±
0.04

2.2 ±
0.3

0.7 ±
0.2

3.4 ±
0.5

1.4 ±
0.4

0.61 ±
0.09

0.20 ±
0.07

0.4 ±
0.1

0.15 ±
0.05

6±1

2±1

3.5 ±
0.7

1.1 ±
0.5
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A

B

C

D

Figure A3.1. Comparison of Norin-10 (A; low OA potential, large RSA potential), Akron
(B; low OA potential, small RSA potential), Goens (C; high OA potential, large RSA
potential), and Prowers (D; high OA potential, small RSA potential) plants grown with
sufficient (left) and deficient P (right).
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APPENDIX 4: CORN ROOT GROWTH AND DECOMPOSITION IN THE AGROECOSYSTEM
MESOCOSM FACILITY

Figure A4.1. Average root number observed in the A and B soil horizon by treatment
during Growing Year 1.
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Figure A4.2. Average root number observed in the A and B soil horizon by treatment
during Growing Year 2.
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Figure A4.3. Average root number observed in the A and B soil horizon by treatment
during Growing Year 3.
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Figure A4.4. Average root length observed in the A and B soil horizon by treatment
during Growing Year 1.
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Figure A4.5. Average root length observed in the A and B soil horizon by treatment
during Growing Year 2.
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Figure A4.6. Average root length observed in the A and B soil horizon by treatment
during Growing Year 3.
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Figure A4.7. Average root area observed in the A and B soil horizon by treatment during
Growing Year 1.
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Figure A4.8. Average root area observed in the A and B soil horizon by treatment during
Growing Year 2.
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Figure A4.9. Average root area observed in the A and B soil horizon by treatment during
Growing Year 3.
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Figure A4.10. Average root volume observed in the A and B soil horizon by treatment
during Growing Year 1.
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Figure A6.11. Average root volume observed in the A and B soil horizon by treatment
during Growing Year 2.
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Figure A4.12. Average root volume observed in the A and B soil horizon by treatment
during Growing Year 3.
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Figure A4.13. Average root diameter observed in the A and B soil horizon by treatment
during Growing Year 1.
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Figure A4.14. Average root diameter observed in the A and B soil horizon by treatment
during Growing Year 2.
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Figure A4.15. Average root diameter observed in the A and B soil horizon by treatment
during Growing Year 3.
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APPENDIX 5: GENERAL ADDITIVE MODELS ON SOIL TEMPERATURE AND WATER
CONTENT INFORMING CORN ROOT DECOMPOSITION

Figure A5.1. GAM model of A Horizon soil temperature by treatment in Maury soil
during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10). The oval between Day 100-150 is due a malfunction with the data logger.
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Figure A5.2. GAM model of A Horizon soil temperature by treatment in Sadler soil
during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10). The oval between Day 100-150 is due a malfunction with the data logger.
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Figure A5.3. GAM model of B Horizon soil temperature by treatment in Maury soil
during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10). The oval between Day 100-150 is due a malfunction with the data logger.
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Figure A5.4. GAM model of B Horizon soil temperature by treatment in Sadler soil
during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10). The oval between Day 100-150 is due a malfunction with the data logger.
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Figure A5.5. GAM model of A Horizon soil temperature by treatment in Maury soil
during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.6. GAM model of A Horizon soil temperature by treatment in Sadler soil
during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.7. GAM model of B Horizon soil temperature by treatment in Maury soil
during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.8. GAM model of A Horizon soil temperature by treatment in Sadler soil
during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.9. GAM model of A Horizon soil temperature by treatment in Maury soil
during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.10. GAM model of A Horizon soil temperature by treatment in Sadler soil
during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.11. GAM model of B Horizon soil temperature by treatment in Maury soil
during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.12. GAM model of B Horizon soil temperature by treatment in Sadler soil
during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly warmer or colder soil temperatures respectively
(�=0.10).
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Figure A5.13. GAM model of A Horizon volumetric water content by treatment in Maury
soil during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.14. GAM model of A Horizon volumetric water content by treatment in Sadler
soil during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.15. GAM model of B Horizon volumetric water content by treatment in Maury
soil during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.16. GAM model of B Horizon volumetric water content by treatment in Sadler
soil during Year 1. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.17. GAM model of A Horizon volumetric water content by treatment in Maury
soil during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.18. GAM model of A Horizon volumetric water content by treatment in Sadler
soil during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.19. GAM model of B Horizon volumetric water content by treatment in Maury
soil during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.20. GAM model of B Horizon volumetric water content by treatment in Sadler
soil during Year 2. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.21. GAM model of A Horizon volumetric water content by treatment in Maury
soil during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.22. GAM model of A Horizon volumetric water content by treatment in Sadler
soil during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.23. GAM model of B Horizon volumetric water content by treatment in Maury
soil during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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Figure A5.24. GAM model of B Horizon volumetric water content by treatment in Sadler
soil during Year 3. Pairwise comparisons shown as tiles with gray, red, or blue coloration
indicating no difference or significantly wetter or drier soil moisture contents respectively
(�=0.10).
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APPENDIX 6: MODELS OF CORN ROOT DECOMPOSITION IN THE AGROECOSYSTEM
MESOCOSM FACILITY
Table A6.1. Decomposition linear regression model parameters for the Maury treatments
by horizon.
A Horizon
Year

Treatment

Slope

B Horizon

Intercept

Slope

Intercept

Root Length (% day-1)
2018

2019

2020

Corn

-0.190

100.74

-0.346

107.64

Rotation

-0.179

100.75

-0.254

109.60

Corn

-0.138

96.75

-0.349

102.23

Rotation

-0.195

91.95

-0.257

93.91

Corn

-0.173

93.22

-0.285

86.04

Rotation

-0.255

94.76

-0.274

80.14

Root Area (% day-1)
2018

2019

2020

Corn

-0.197

102.92

-0.290

100.04

Rotation

-0.131

101.83

-0.166

102.95

Corn

-0.093

97.06

-0.316

101.79

Rotation

-0.127

91.68

-0.248

95.13

Corn

-0.156

93.59

-0.280

86.64

Rotation

-0.247

95.27

-0.281

80.75

Root Volume (% day-1)
2018

2019

2020

Corn

-0.155

102.94

-0.278

98.46

Rotation

-0.099

102.10

-0.096

101.61

Corn

-0.051

97.589

-0.269

101.55

Rotation

-0.086

97.07

-0.235

96.54

Corn

-0.124

95.33

-0.259

87.65

Rotation

-0.223

96.69

-0.291

81.70
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Table A6.2. Decomposition linear regression model parameters for the Sadler treatments
by horizon.
A Horizon
Year

Treatment

Slope

B Horizon

Intercept

Slope

Intercept

Root Length (% day-1)
2018

2019

2020

Corn

-0.218

97.65

-0.433

103.60

Rotation

-0.225

88.82

-0.399

96.36

Corn

-0.151

98.66

-0.281

88.99

Rotation

-0.122

74.41

-0.215

84.24

Corn

-0.198

87.49

-0.285

68.11

Rotation

-0.190

88.73

-0.296

70.69

Root Area (% day-1)
2018

2019

2020

Corn

-0.206

100.75

-0.441

106.37

Rotation

-0.169

92.26

-0.345

99.21

Corn

-0.125

101.03

-0.274

91.09

Rotation

-0.119

81.42

-0.200

86.48

Corn

-0.196

88.43

-0.287

68.56

Rotation

-0.194

90.67

-0.298

69.58

Root Volume (% day-1)
2018

2019

2020

Corn

-0.179

102.92

-0.438

109.88

Rotation

-0.066

92.90

-0.279

101.67

Corn

-0.084

102.37

-0.265

93.79

Rotation

-0.129

93.60

-0.178

89.87

Corn

-0.176

89.78

-0.289

68.68

Rotation

-0.193

92.05

-0.294

68.58
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Table A6.3. Overall decomposition linear regression model fit by soil series and year.
Year

Maury

Sadler

Root Length (cm day-1)
2018

0.725

0.858

2019

0.748

0.421

2020

0.724

0.716

Root Area (cm2 day-1)
2018

0.654

0.825

2019

0.742

0.474

2020

0.738

0.708

Root Volume (cm3 day-1)
2018

0.723

0.688

2019

0.826

0.574

2020

0.745

0.683
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Figure A6.1. Decomposition of corn root length for Growing Year 1 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.2. Decomposition of corn root length for Growing Year 2 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.3. Decomposition of corn root length for Growing Year 3 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.4. Decomposition of corn root area for Growing Year 1 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.5. Decomposition of corn root area for Growing Year 2 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.6. Decomposition of corn root area for Growing Year 3 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.7. Decomposition of corn root volume for Growing Year 1 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.8. Decomposition of corn root volume for Growing Year 2 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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Figure A6.9. Decomposition of corn root volume for Growing Year 3 by treatment within
soil series and horizon. Gray shading around regression line indicates 95% confidence
interval.
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